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ABSTRACT
Lithium Ion (Li-ion) battery technology has the potential to compete with the more
matured Nickel Metal Hydride (NiMH) battery technology in the Hybrid Electric Vehicle
(HEV) energy storage market as it has higher specific energy and energy. However, in
order to improve Li-ion battery technology to fulfill the HEV energy storage
requirements, a very high specific power characteristic is needed to boost its commercial
attractiveness. The high specific power characteristic will in turn lead to better a vehicle
performances, reduced fuel consumption and emissions.
In this thesis, we quantify the fuel savings benefits from HEV, and the marginal value of
each W/kg improvement in this battery technology. From the analysis, we conclude that
the marginal value of regenerative braking, acceleration, social cost and fuel economy are
$13.83, $22.64, $0.9959 and 0.0987 MPG per W/kg per each HEV lifespan respectively.
Besides, a variety of start-up companies in various stages of commercialization of these
technologies as well as the related intellectual property strategies are also discussed.
Finally, suggestion of potential business strategies for licensing and commercializing Li-
ion battery technology with respect to HEV energy storage market is presented.
Thesis Supervisor: Gerbrand Ceder
Title: R. P. Simmons Professor of Materials Science and Engineering
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CHAPTER 1
INTRODUCTION
1.1 Background of Research
Hybrid Electric Vehicle (HEV) is most likely perceived as the vehicle solution for
the near future. The main selling point for HEV compared to its Internal Combustion
Engine (ICE) counterparts is that it fulfills the green technology criteria such as less fuel
consumption and more environmental friendly. Besides, HEV has a better vehicle
performance comparatively since there are two propulsion engines (an ICE and an
electric motor) in a typical HEV car. Because of this reason, it has been a technology that
is well-supported by many governments. Also, HEV is getting more and more popular
among consumers, in line with the rising level of worldwide environmental issues
awareness such as air pollutions and worldwide energy crisis due to depletion of
worldwide petroleum reserves.
Even though the worldwide selling of HEV has risen significantly over the past
few years, various surveys have shown that higher initial purchasing price is the main
reason that hinders the majority of consumers from buying HEV. Hence, in order for the
HEV market to be expanded further, even better vehicle performance is needed to justify
the HEV higher purchasing price. Furthermore, the steadily rising price of gasoline has
caused major HEV car manufacturers to push further for a better MPG (i.e. miles per
gallon) to make MPG as a tempting reason for consumers to buy HEV. Inline with the
steadily increase of worldwide HEV sales, to solve these problems has been regarded by
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many people as the multi-billions dollars opportunity. In fact, providing cost effective
foundation technology to reduce fuel consumption and to improve vehicle performance
have always been the challenges in car industry, or particularly HEV industry.
It has been widely regarded that the high specific power Li-ion battery technology
is the technology that is able to solve the multi-billions dollars problem. Clearly, Li-ion
battery will beat any competitive battery technologies in terms of energy density. The
main remaining issue to be solved in order to improve Li-ion battery to fulfill the HEV
energy storage requirements is the specific power parameter. If a very high specific
power is achieved in Li-ion battery technology, which in turn leads to a higher fuel cost
saving, reduce environmental pollution and more importantly, better vehicle performance,
then this will be the solution that the worldwide HEV car manufacturers and HEV
consumers sought after. Subsequently, the worldwide HEV sales will definitely be
boosted, and the human being's quality of life will be improved via reducing
environmental pollution and reliance on petroleum as the main energy source for vehicles.
1.2 Statement of Problem - Risk of Investing
As mentioned earlier, to achieve high specific power is the major remaining issue
to be solved to make Li-ion battery technology the perfect technology for HEV energy
storage. This fact is widely accepted by many and lots of effort has been spent in order to
increase the specific power of Li-ion battery technology.
Prepared by: Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
However, for scientists to be involved in this research, there are a few important
technological questions to be answered before the actual research and development effort
is carried out - what is the actual value of research, i.e. the benefits that are obtained out
of the research? What is the value of a specific power improvement of the HEV battery?
Similarly goes to those investors who intend to invest in the high specific power
battery technology. Is the return on investment (ROI) of high specific power battery
technology that to be applied in HEV worth for them to take the risk? What are the actual
commercial values of the high specific power battery technology in HEV energy storage
worldwide market? In fact, there are lots of technological decisions to be made during the
process.
On top of that, once you achieve the high specific power battery technology for
HEV energy storage as planned, how are you going to generate revenue out of it? Or how
are you going to make sure this advanced technology will be widely accepted by society
so that improvement human being's quality of life can be achieved? In short, what is the
best commercialization route for an American battery company who owns the high power
battery technology for HEV energy storage?
Hence,, for maximum benefit generated and to reduce the risk of investing, it is
desired that the actual value of marginal specific power of battery technology for HEV
energy storage is calculated. The ultimate goal for my research is to estimate the value of
each unit of improvement for specific power of advanced battery technology as accurate
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as possible as well as proposed the best commercialization route for this high specific
power battery technology.
1.3 Method of Approach
Values of car parameters are estimated based on various assumptions. Most of the
specification parameters and prices that used for calculations are obtained from
secondary sources such as related company websites, journals and reference books. On
top of that, there are small portions of HEV components prices are obtained via
interviewing with Toyota R&D Lab Inc. It is important to note that these calculated
values of performance will change if any of the assumption does not hold. The
assumptions made are stated along with the rest of calculations in the chapters themselves.
The values of improved HEV performance parameters as a result of higher
specific power of HEV energy storage technology are modelled using the "Bang-bang"
drive cycle (see figure 4.2) of Toyota Prius with one driver who weighs 70kg in it. For
each case, the values of highest power achieved are determined by theoretical calculation
approach, based on the major assumptions such as fuel cost of widely-accepted 125,000
Btu/gal', internal combustion engine efficiency of 25% (best case for ICE) and $2.357 per
gallon for price of gasoline."
'More information can be found from http://www.silentsherpa.com/Tools.asp or
http://www.guestargas.com/AboutNaturalGas/ThermalValues/thermal.html.
" Obtain from http://eia.doe.gov/ based on the price of US average and dated on 2006-02-07.
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Subsequently, from the graph of power transfer characteristics of Bang-bang drive
cycle, the improvement in HEV performances as a result of higher specific power of
HEV energy storage technology can be obtained in terms of energy. Finally, the
improved HEV performance values per vehicle lifespan in term of energy are able to
obtain after multiplying them with the number of Bang-bang operating drive cycle per
vehicle lifespan.
1.4 Organization of Thesis
This thesis is divided into eight chapters.
Chapter 2 provides a brief understanding on HEV operation and hybrid system
components, parameters and requirements for HEV energy storage, as well as the
advantages of Li-ion battery over other energy storage technologies. This chapter
summarizes the knowledge that is required for the cost calculations in the subsequent
chapters.
Chapter 3 provides the cost comparisons between the HEV and the ICE vehicle
counterparts.
Chapter 4 provides the costs calculation of improvement of regenerative braking
system performance as a result of marginal improvement of specific power of HEV
energy storage and this improved parameter is expressed in terms of money.
Chapter 5 provides the costs calculation of improvement of acceleration
performance as a result of marginal improvement of specific power of HEV energy
storage. Similarly, this improved parameter is expressed in terms of money.
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Chapter 6 provides the costs calculation of improvement of HEV fuel economy
and reduced environmental pollution as a result of marginal improvement of specific
power of HEV energy storage. Similarly, both of these improved parameters are all
expressed in terms of money.
Chapter 7 discusses feasibility of commercialization of high specific power
battery technology in HEV market as well as describes the proposed commercialization
route and business strategies.
Chapter 8 concludes the report and outlines the limitations of the present analysis.
The areas for future work are also discussed.
1.5 Some Original Contributions
1. A detailed analysis of the works by Lester Lave and Heather MacLean is
carried out and documented in this thesis. All equations quoted in this thesis
have been derived and verified.
2. The model and analysis adopted by Frank Wicks has been extended and are
applied in various kinds of cases that are needed for cost calculations in this
project.
3. The HEV battery pack specifications are taken from Kenneth Kelly, Mark
Mihalic and Matthew Zolot.
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CHAPTER 2
REVIEW OF RELATED PAST WORKS AND
THEORETICAL DERIVATIONS
2.1 Introduction
Hybrid Electric Vehicles (HEV) are powered by two propulsion configurations,
i.e. the conventional gasoline engine which known as the Internal Combustion Engine
(ICE) and the electric motor, which is absented in conventional vehicles. The
incorporation of the electric motor aims to enhance fuel economy, to reduce emission as
well as to boost power and enhance vehicle performances.
Conventionally, benefits of HEV which are known to others are listed in the
followings'":
* Reduce emission (and hence reduce pollution) by increasing average engine
efficiency;
* Regenerative braking system recapture wasted energy during braking, to recharge
the battery;
* ICE shut down, when HEV is stopped. Hence to save gasoline consumption;
* Improved fuel economy (i.e. Mile per Gallon - MPG) through reduced fuel
consumption. Hence, this will be able to achieve:
o Stretching a tank of gasoline further;
o Saving money;
• These benefits are modifications after those benefits that listed on Ford website,
http://www.fordvehicies.com/suvs/escape/.
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o Conserving our limited petroleum resources;
* Electric motor boost acceleration performance;
* Driving performance is optimized because both ICE and electric motor work
together;
* No battery plug in required as in the case of Electric Vehicle (EV);
* Reduced wear and tear on ICE;
* Obtained all the conveniences of traditional vehicles.
In this chapter, the hybrid system that is applied in HEV and its requirements are
introduced. This is then followed by the understanding of HEV energy storage system, i.e.
the hybrid system component that we are focusing in this research and its desired
parameters. A brief discussion on comparison of Li-ion battery technology to other
battery technologies, particularly NiMH battery technology as HEV energy storage
system is also included. And finally, a brief theoretical derivation on hybrid system
equations is presented.
2.2 Hybrid System
A hybrid system that incorporated in HEV can be categorized into four main parts:
the prime mover (i.e. the electric motor), the transmission system (including the
regenerative braking system and CVT transmission), the control algorithm and the energy
storage system (e.g. the battery pack). Their respective main functions are stated in table
2.1. The total cost of the hybrid system is estimated around $3500"'. The breakdown of
iv The cost figures are provided by Toyota Central R&D Labs., Inc.
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costs for each hybrid system components can be obtained from table 3.1. An example of
hybrid system is illustrated in the figure 2.1.
Hybrid system Main characteristic and function
component
Electric motor To provide extra gear to boost acceleration.
Regenerative
To recharge the energy storage system.
braking system
It is electrically controlled. Its main function is to transfer power to
CVT transmission the wheel consistently and to allow electric motor speed to be truly
independently of vehicle speed.
A different microprocessor-based control module. It brains the
Control algorithm outfit, ensuring seamless operation and power flow to provide highly
efficient power system.
Energy storage To store electrical energy for adding boost in acceleration
system performance and to start gasoline engine (ICE) when needed.
Table 2.1 - Main characteristic and function of main hybrid system components.
Gasoline Engine
Rege
Braki
Plane
Gear
Battery Pack
Figure 2.1 - Basic components of hybrid system in HEV. Figure is obtained after
modifications from Toyota website.V
Figure obtained after modification from Toyota hybrid website -
http://www.tovota.c(om/vehicles/minisite/hsd/index.html?s van=GM TN HSD.
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Hybrid system can be separated into parallel and series system with each of them
has their own pros and cons. However, at current, the parallel mechanical/electrical
hybrid system is favoured in HEV design because of higher efficiency and its ability to
use well-proven automotive transmission components.
Parameters to be considered to determine how good is the hybrid systems are
reliability, cycle life, weight, compactness, flexibility of operating temperature, efficiency,
noise generated and production cost.
2.3 HEV Energy Storage System
Improvement of HEV performances such as improved fuel economy, reduced
emissions and better acceleration performance can be done by improving any of
components within the hybrid system. However, in this research, we are focusing on the
improvement on the HEV energy storage system.
For a typical HEV, the major requirements for its energy storage system are such
as follows:
* To provide sufficient energy for a limited amount of pure zero emission operation;
* To assist prime mover during acceleration and hill climbing;
* To absorb brake energy during deceleration.
It is important to note that for a typical HEV drive cycle operation, the power dissipated
by friction brakes typically exceed the maximum power output of engine. Hence, the
specific power requirement for the HEV energy storage system is high. For the detailed
Prepared by: Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
analysis of this, please refer to sub-chapter 4.2. The performance criteria for HEV energy
storage system and their descriptions are stated in table 2.2. Other related attributes for
HEV energy storage system are suitability for low cost production, electrode
configuration, potential packaging flexibility and safety.
Performance
criteria (unit) Descriptions
The maximum energy that can be generated per unit total mass of
Specific energy cell reactants. Due to the fact that the electrode reactants themselves
(J/kg) are not fully utilized, typically the practical specific energy is much
less than the theoretical specific energy.
Energy density The ratio of energy output from the cell to its volume. It is not the
(J/m3 ) same as the specific energy.
The capability to deliver power per unit mass. Typically, the power
Specific power available from a battery falls off progressive as the discharge
(W/kg) proceeds. We will focus on the effect of improving this parameter
in this research.
Power density The capability to deliver power per unit volume. Different to
(W/m3) specific power.
The efficiency of storing and recovering electrical energy from the
Storage efficiency energy storage. This is an important factor if brake energy recovery
serves as the main source.
The ratio, usually expressed as percentage, of the ampere-hours
Permitted depth of
discharge from a battery at a given rate to the available capacitydischarge - DOD
under the same specified conditions.
Charge time (s) Time needed to reach fully-charged state.
Cycle life The total number of charge and discharge cycle allowed.
The loss of energy storage capacity of a battery under open-circuit
Self discharge rate
conditions as a result of internal chemical reactions or short-
(%)
circuits.
Table 2.2 - Performance criteria of HEV energy storage system and their descriptions.
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2.3.1 Comparison of Li-ion Battery to other Battery Technologies for the
Applications of HEV Energy Storage System
NiMH is the incumbent of HEV energy storage system. According to the survey
done, the main reason for NiMH to become the incumbent HEV energy storage
technology is due to its comparatively high specific power, high specific energy and life
cycle, which are the three most crucial criteria for HEV. However, as mentioned earlier
in chapter 1, Li-ion battery will beat any other battery technologies in terms of energy
density. The main remaining issue to solve to make Li-ion battery perfect is the specific
power parameter. This is the main reason why specific power is the parameter that is
being focused in this research. The pros and cons between Li-ion battery and NiMH
battery technology are listed in table 2.3.
Competition for Li-ion battery as HEV energy storage system may also come
from ultracapacitor is likely to be one of the competitive technologies too, but its specific
energy performance should be significantly improved and the cost needs to be greatly
reduced before it can be widely applied to HEV.
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Battery
Advantages Disadvantages
Technology
* Production readiness * Rather higher temperature
* Cycle life sensitivity, hence temperature
* Power density control is necessary
* Intrinsically safe, i.e. * Self-discharge rate up to 25% in
Nickel Metal components are not toxic 4 weeks, this will cause starting
* Great degree of abuse tolerance problem if vehicle not operate in
Hydride
more than a month
* High cost, since is metal is
usually the rare earth elements
which are expensive
* Low cell efficiency
* Twice energy density * Operating temperature
* Temperature window (requirement from car
* Operating characteristics companies: -40 to 520C)
* Potentially lower cost of n High cost due to the price of
Lithium Ion production cathode material; for e.g.
* Environmental cost LiCoO 2 and Li is very expensive
* Weight advantages * Cycle life
* Low self-discharge rate
Table 2.3 - Pros and cons of Li-ion vs. NiMH battery technology.
2.4 Theoretical Derivation of Hybrid System Equations
Higher power can always be achieved by adding more cell modules. However, by
adding more cell modules, the mass of energy storage (i.e. the battery pack) will also be
increased, which will directly increase the weight of the vehicle itself and hence increases
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the fuel consumption. This is also the reason why the improvement of specific power is
important as it is inherent to the battery technology itself.
To determine the effect of weight of energy storage system (and hence vehicle
weight) to fuel consumption, the theoretical derivation of hybrid system equations is
needed. The following derivations are obtained based on modifications after Unnewehr
and Nasarvi.
First, let us define that
Vehicle weight = weight of energy storage + weight of the rest vehicle part (2.1)
Then, on a level roadway with zero wind force, then
Two road load component = f (vehicle weight) (2.2)
where the vehicle weight relates the rolling resistance and inertia forces.
Hence,
Total road load force = f (relative magnitude of rolling resistance and
inertia force with respect to aerodynamic force) (2.3)
Total road load energy = f (total road load force, drive cycle operated) (2.4)
Also, total energy needed = energy efficiency x f (total road load energy) (2.5)
Finally, fuel consumption = f (total energy needed) (2.6)
Hence from equation (2.1) to (2.6), it can be deduced that as weight of energy
storage increase, the fuel consumption will be increased as a result. This is illustrated in
the figure 2.2 below.
V" L. E. Unnewehr and S. A. Nasar, "Electric vehicle technology".
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I
g1
Gross weight (kg)
Figure 2.2 - Required wheel work vs. gross weight of vehicle"'".
According to McDonald and John"", the energy flow diagram of hybrid system
can be modeled as figure 2.3 as illustrated below.
Energy Battery Controller Motor Transmission Gearing Road
Input Eff. Eff. Eff. Eff. Eff. Load
Heater L Auxiliaries
Figure 2.3 - Energy flow diagram for hybrid system.
By this, then an equation for energy efficiency for hybrid system can be derived.
Road.Load
Energy efficiency, 77, = = Arl.4lrRrlMorrCrR•BATEnergyJnput
(2.7)
where r7AR is the final gearing efficiency;
77TR is the transmission efficiency;
rMOT is the electric motor efficiency;
r7cTR is the control algorithm efficiency;
and qBAT is the energy storage system (or HEV battery) efficiency.
V• Figure obtained from Unnewehr and Nasar, "Electric vehicle technology", page 40 figure 2.10.
"" A. T. MacDonald and R. R. John, "The potential for automotive fuel economy improvement".
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CHAPTER 3
HEV vs. COMPARABLE ICE VEHICLE
3.1 Introduction
Before going into the cost comparison between a typical HEV and a HEV with an
energy storage system with higher specific power, it is a good idea to provide a cost
comparison between HEV and its comparable ICE vehicle counterpart. The HEV model
that used for the calculation is Toyota Prius Gen III while the comparable ICE vehicle is
Toyota Corolla CE.
During the cost calculation in this chapter, the following assumptions have been
made:
* Total distance travelled by all the cars in an average U.S. household is about 41
miles (i.e. 66 km) per day; this is roughly 15000 miles (i.e. 24140 km) per
annum.ix
* Price of gasoline is $2.934 per gallon.x
* The drive cycle used in this calculation is 45% of Constant Volume Samplings of
Emission (CVS) cycle, which is also known as Federal Urban Driving Cycle and
55% Highway Driving Cycle (HWY). This is based on US Environmental
Protection Agency's (USEPA) certification values."'
ix US Department of Transportation, Federal Highway Administration, "1990 Nationwide Personal
Transportation Survey, summary of travel trend".
x Obtain from http://eia.doe.gov/ based on the price of US average and dated on 2006-07-03.
x' The MPG value for both CVS and HWY driving cycle are taken from Toyota website - www.tovota.com.
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For calculation purposes, let's set the HEV has a maximum lifespan of 150000
miles, which is about 10 years by considering the total distance travelled by all
the cars in an average U.S. household each year. Also, let's set the requirement
for HEV battery to have an acceptable life of 10 years, which is also the lifespan
for the HEV.
3.2 Cost Calculation for Toyota Corolla CE
Toyota Corolla CE has an average MPG is 34.8, hence, to travel 15000 miles will
15000miles
need = 43 lgallons of gasoline. Hence, by assuming price of gasoline
34.8MPG
remains the same for the next 10 years, the annual gasoline bill is43 l1x2.934 = $1264.66.
To this, add $200 x" for such additional maintenance such as oil changes, tune ups etc. In
all, the total annual operating cost for this Toyota Corolla (excluding the purchase cost,
insurance, license fees, common maintenance cost etc.) is $1465.
3.3 Cost Calculation for Toyota Prius Gen III
HEV such as Toyota Prius has a higher initial purchasing price. Typically, the
purchasing price increase between HEV and comparable ICE vehicle is estimated to be in
the range of $2000 to $5000. First, let us identify the extra components in HEV compared
to ICE. They are illustrated in the following list:
* HEV batteries (i.e. NiMH - the incumbent HEV battery technology)
* Batteries storage system (including regenerative braking system)
x" This is the amount that James J. MacKenzie used for his analysis in "The key to the car - Electric and
Hydrogen Vehicle for the 21st century".
Prepared by: Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
* Power control unit algorithm
* Electric motor
Components in HEV CostxiII
HEV batteries (NiMH) and batteries storage system $1700
(Regenerative Braking System alone costs $200)
Power control unit algorithm $875
Electric Motor $875
Total: $3500
Table 3.1 - Components of hybrid system and its estimated costs
To be exact, since Prius have an additional electric motor which will boost vehicle
performance, hence the gasoline engine that is designed in Prius is not as big as Corolla's.
Also, it is worth to mention that Corolla has the additional component compared to Prius,
i.e. the 12 volts motor starter or alternator that HEV doesn't need. Here, for the
simplification of calculation, we will assume both Prius and Corolla's gasoline engines
cost the same. Also, due to the difficulty of getting the price of 12 volts starter motor or
alternator, we will assume that it doesn't cost more with an additional 12 volts starter
motor or alternator system.
If this HEV battery lasts for 10 years, financing the HEV components (over 10
years) at a present 5-percent interest rate costs about $543 each year.
x"" All the costs are provided by Toyota Central R&D Labs., Inc.
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For Toyota Prius, since its MPG is 56, hence, to travel 15000 miles will need
15000miles
= 268gallons of gasoline. Hence, the cost of gasoline for HEV per year is
56MPG
268x$2.934: $785.89
Since HEV also consists of gasoline engine, hence, it has to be added the $120"'i
for those oil maintenance. The lesser in amount is compare to its gasoline counterpart is
due to the fact that HEV is less relying on gasoline engine comparatively.
Finally, to sum up, the total annual operating cost of HEV is $786 + $543 + $120
= $1449.
3.4 Life-Cycle Costs for Different Scenario
Now let us estimate the annual fuel and battery cost for ICE vehicle and HEV
under a variety of assumptions.
Base case:
Assuming the unit price for HEV batteries and its system as a result of large scale
NiMH battery production remains at $1700, power control unit algorithm and electric
motor price both fixed at $875, and gasoline sells for $2.934 per gallon, which is the
current price when this research is done. In this case, the ICE would cost $16 more per
year to operate than a similar HEV vehicle.
xýv This is the amount that James J. MacKenzie used for his analysis in "The key to the car - Electric and
Hydrogen Vehicle for the 2 1st century".
Prepared by: Seh--Kiat Kelvin Teo (MIT No: 926228762), June 2006
Case 1:
This case illustrates what would happen when the price of gasoline is reduced
about $0.05 per gallonx" while the battery production cost remains the same. In this case,
the cost of operating for both HEV and ICE vehicle would reduce, and the operating cost
of ICE is still higher. Yet the operating cost gap between both vehicles has been reduced
to $7. In this case, the breakeven price of gasoline would have to be at $2.84 per gallon,
where below this price range HEV vehicle will cost more in operating compared to ICE.
Case 2:
Assuming the USABC'sx'v has improved goal for large scale battery production
cost for each HEV by 10% or $170, i.e. $1530 for the total cost of battery and its storage
system, (i.e. either by improving the NiMH production technology or replaced NiMH by
a HEV batteries with a cheaper large scale production cost, such as Li-ion) and fuel price
is the same as the base case. Under this circumstance, the ICE vehicle will only cost $42
more than HEV in terms of annual operating cost, which will further boost the HEV sales.
The breakeven battery production cost is roughly at $1803.4 or increased by 6.1%, where
beyond this operation cost that the ICE vehicle will be cheaper in terms of operating cost.
xv This can be due to worldwide economy circumstances.
xv' USABC stands for United States Advanced Battery Consortium; it was formed by Chrysler, Ford and
GM in January 1991 to accelerate the development of EV or HEV batteries. USABC has a long term
battery development goal for large scale advanced battery production cost, i.e. $100 per kWhr.
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Case 3:
This case combines both case 1 and case 2: the fuel price is reduced and battery
production cost is reduced. Here too, the annual operating cost of ICE vehicle is greater,
this time by only $33.
Case 4:
In this case, the battery production cost is same as base case, but a gasoline tax of
$0.60 per gallonxv" is levied (roughly, the unpaid social costsxvii of gasoline based on
1994 rate).xix The annual operating cost of ICE vehicle will be much higher then its HEV
counterpart by $113 as a result.
Annual Maintanence Costs of HEV and
ICE Vehicles
1750 r -.---------
1700
" 1650
>% 1600
C 1550
S1500
= 1450
o3 1400
1350
1300
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- ICE
-- "
base case 1 case 2 case 3 case 4
case
Figure 3.1 - Annual maintenance costs comparison for HEV and its ICE counterparts for
different scenario
"' This figure is obtained based on the high evaluation of social costs.
xvi For more information about calculation of social costs, please refer to the sub-chapter 6.2 - Comparison
of social costs expenditure between HEV and ICE and 6.4 - Calculation of social costs improvement as a
result of marginal improvement of specific power of Li-ion battery.
x"' Please refer to sub-chapter 3.5 second paragraph.
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This simplified comparison result has shown the importance to HEV's economic
viability is highly dependent on:
o battery performance, cost and lifetime
o how much money that the car manufacturers willing to absorb in order to make the
initial purchase price affordable to the consumers
o the availability of federal tax credit to reduce the HEV purchase price
o the government control of the gasoline price
o the economic externalities (e.g. social costs) associated with both ICE vehicle and
HEV
o It also highlights an important barrier to HEV ownership: the higher purchase price
- a major hurdle to overcome. Experiment with other higher purchase price, low
operating-cost technology such as compact fluorescent light bulbs, suggests that
consumer resistance to paying higher initial cost is high.
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Vehicle Total Lifetime Maintenance Costs
and Initial Purchasing Price of HEV and
ICE Vehicles
N 11, 'b
Figure 3.2 -- Total lifetime maintenance costs and initial purchasing price for HEV and its
ICE counterpart.
Figure 3.3 - Average retail gasoline price in US in the past 3 years.xx
xx Obtained from the website of US Energy Information Administration, http://eia.doe.gov/
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3.5 Conclusion
In another perspective of view, drivers of ICE vehicles in US are heavily, if
indirectly, subsidized. They do not need to pay the external costs they impose on society
such as air pollution, climate risks, national security threats and noise etc. If all of these
costs were reflected at the fuel pump, based on the estimation done by James J.
MacKenzie on 1994, xx' the annual cost of operating a gasoline minivan will increase by
about $305 and the price of motor vehicle fuels would rise by at least $0.55 per gallons.
These values should have been increased by now compared to 12 years ago.
According to Lecter Lave and Heather Maclean,xx" the main reason that buyers
attracted to HEV not because of fuel economy or lower emission, but large electric
supply on board to power more application more applications in vehicles. This has
highlighted the general attitude of US consumers during purchasing of vehicles, i.e.
vehicle performances is always on top of the environmental issues in term of criteria for
selection. Besides, the brand factor and status of owning an expensive vehicle such as
HEV are also some of the major criteria that determine consumers' choice of vehicles.
From the economic analysis above, it confirms that HEV cost more to buy while
ICE vehicle cost more to operate in United States comparatively by the current gasoline
price of $2.934 per gallon, partly due to the gasoline price are experiencing drastic
increase in US due to the worldwide economy and political situation in recent years.
xxi James J. MacKenzie, "The keys to the car - electric and hydrogen vehicles for the 21" century". James
MacKenzie estimated these additional costs based on the comparative operating cost between a gasoline
vehicle and its EV version (i.e. EV vehicle not cause a direct pollution).
xx"" Leater lave and Heather Maclean, "Are hybrid vehicle worth it?", IEEE spectrum, March 2001.
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From figure 3.3, we conclude that ICE vehicle will cost more to operate if the gasoline
price falls above the threshold level (red solid line) and it is cheaper to operate when
gasoline is below the red solid line. With the gasoline price in recent few years is still
keep fluctuating around the threshold point of $2.84 per gallon, therefore, the price of
gasoline is a very important factor to determine whether which type of vehicle is cheaper
to operate.
Lastly, from the different cases analysis above (figure 3.1), we have proved that
HEV has cheaper operating cost in many circumstances. However, the total sales of HEV
are still far behind if compared to ICE vehicles. This has highlighted that the higher
purchasing price is the main barrier of HEV ownership. Other main reasons which also
cause the barrier of HEV ownership are HEV is a new product to the consumers, and the
gasoline price is just hit the threshold level not long ago.
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CHAPTER 4
CALCULATION OF REGENERATIVE
BRAKING COSTS
4.1 Introduction
There are many benefits that can be obtained as a result of implementation of
higher specific power of battery pack for HEV energy storage. Among them, the major
benefits are achieving higher fuel savings, reduced environmental pollution and
improvement of vehicle performance. However, as mentioned earlier in the conclusion of
chapter 3, vehicle performances are always the main priority that determines consumers'
choice of vehicle purchased. Also, the brand factor and status of owning a good
performance vehicle such as HEV are also some of the major criteria that determine
consumers' choice of vehicles.
Vehicle performances can be separated into several specifications. However, the
two specifications that are most relevant to higher specific power energy storage system
of HEV (i.e. these two specifications can be improved by improving specific power of
HEV energy storage) are regenerative braking and acceleration. In this chapter, the
improvement regenerative braking system performance as a result of improvement of
specific power of HEV energy storage is calculated and the performance is all expressed
in terms of money (i.e. gasoline cost). Also the methodologies applied are also noted.
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4.2 Modeling of Regenerative Braking System
To model the regenerative braking, we first start with the thermodynamics and
vehicle dynamics as related to the conversion of energy. This stopping action can be
modeled into two steps.
1. The first process is friction in which the brakes degeneratively convert the orderly
kinetic and potential energy of a vehicle into a disorderly thermal energy as
indicated by the temperature rise
2. The second process is the heat transfer from the brakes to the surrounding during
the brake cooling process.
According to Frank Wicks xxi, the mathematically model for vehicle power can be
illustrated as the following. From the principals of conversion of energy and Newton's
law, the total power supply from braking process is equal to the total power consumed by
the vehicle at all operating time.
dKE dPEfora = -dK + - +Ps, +PAer (4.1)PtotaI - dt dt tires Aero (4.1)
The first RHS term of equation (4.1) is the rate of kinetic energy which corresponds to:
- my2 = mv-- =mva (4.2)dt dt 2 dt
Where m is the mass of the vehicle and v and a is its velocity and acceleration
respectively.
x""' Frank Wicks, "Modeling regenerative braking and storage for vehicles".
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The second RHS term of equation (4.1) is the rate of potential energy which corresponds
= d (mgh)= mg(grXv)
dt dt (4.3)
(grXv) is the vertical component of the vehicle velocity which is the grade multiply by
velocity.
The third term in RHS of equation (4.1) is the power consumed by the tires which is the
rolling resistance of the tires.
lres =s Ct(mgXv) (4.4)
Ct is the tires coefficient, which is equivalent to the ratio of tires rolling resistance to
vehicle weight, i.e. Ct = . (mgXv) is the product of vehicle mass and velocity.
mg
The fourth term in RHS of equation (4.1) is the aerodynamic power consumed which
corresponds to:
Aero = IrargV = 2(Cd)Ap,,iv, =
(Cd)AP+, (vi,, )2
2
Where Fr,,g is the drag force.
(Cd) is the drag coefficient.
vw,,n is the velocity wind.
p,,ir is the gas density.
,,r = (vwin + v)2 is the air speed and
A is the frontal area of the vehicle.
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(4.5)
For Toyota Prius, the net weight is 2890 lbs, which a driver of 150 lbs inside the
vehicle, the total weight is 3040 lbs (i.e. 1379 kg). With a tire coefficient of 0.007xxiv:
Rrolling = mg(Ct)= (1379X9.81)0.007 = 95N (4.6)
Hence, 95N is needed to overcome the tire rolling resistance. According to Wayne
Brownxxv, the rest of Prius specifications are such as:
Aerodynamic Coefficient of Drag Frontal Area, (Cd) = 2.16.
Frontal Area, A = 2.16 m2
cwCd = 1.4e-5 (crosswind correction for Cd)
cwFA = 8.5e-5 (crosswind correction for FA) (4.7)
4.2.1 Modeling of Braking Operation using SAE J227a-D Drive Cycle
Similarly to chapter 3, the driving cycle used here is the SAE J227a-D cycle,
which is the drive cycle closest to 55% urban driving cycle (CVS) and 45% highway
driving cycle (HWY), which is used for the US Environmental Protection Agency's
(USEPA) certification values.
For modeling purposes, the SAE J227a-D cycle is divided into a few stages of
operation:
i. From the stop, Prius is accelerated to 72km / h (which equivalent to 20m / s ) over
28 seconds and an accelerated distance of 280m. For modeling and ease of
calculation purposes we assumed a constant force and thus constant acceleration
xx1v Data obtained from http://privatenrg.com, the calculation is done by Wayne Brown.
xxV Data obtained from http://privatenrg.com, the calculation is done by Wayne Brown.
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of 0.714m/s2 at this stage. By assuming quasi-static response, this constant
acceleration is also equivalent to constant power of:
Energy _ Fd mad _ 1379(0.714X280)Ilccefermtion = Al- = = 9846watt t 13hp (4.8)time t t 28
ii. Prius is then traveled at constant speed of 72km / h (i.e. 20m/s) for 50 seconds
and distance of 1km and an accumulation distance of 1.28km. At constant speed,
the power that required for this operation (i.e. maintaining the constant speed of
72km / h) by assuming quasi-static response and vehicle is moving in direction
that opposing wind speed (conservative case) of 4.2m/s (i.e. 15km/h) is:
Pcrse = tireP = Ct(mgXv (Cd)APair (vind 
+ 2
ruse ire ero xv)+ 2
0.26(2.55X1X 58X4.2) 2727 = 3.66hp
= (0.01X13528X20)+ = 2727.6W = 3.66hp
2
(4.9)
In this case, a tire coefficient, Ct of 0.01 was estimated which means that 230 lbf
to overcome tire rolling resistance. For aerodynamic drag of frontal area, A of
2.55 m2 and drag coefficient, Cd of 0.26 were estimated.xxvi
iii. For coasting, the vehicle speed is not defined, and is set by vehicle dynamics and
assuming P,'%, st Pe . An average speed of 65km / h is assumed.
iv. Prius is then decelerated at a constant rate of - 1.85m / s for 9 seconds and over a
distance of 150m to a full stop for an accumulated distance of 1.61 km. The
initial velocity just before brake is assumed as 60km / h
v. Prius is then remained stopped for 25 seconds.
xxI' All the Toyota Prius specifications are obtained from Toyota commercial website. www.tovota.com.
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Figure 4.1 - Diagram of SAE J227a cyclexx""'. The figures for the various times are given
in Table 4.1 on next page.
Parameter Unit Cycle A Cycle B Cycle C Cycle D
Maximum speed Km.hi 16 32 48 72
Acceleration time, Ta s 4 19 18 28
Cruise time, Tcr s 0 19 20 50
Coast time, Tco s 2 4 8 10
Brake Time, Tb s 3 5 9 9
Idle time, Ti s 30 25 25 25
Total time s 39 72 80 122
Table 4.1 - Nominal parameters for the four variations of the SAE J227a test
schedulexxv'". These figures should be read in conjunction with figure 4.1
Thus, for this reference cycle (i.e. SAE J227a-D), Prius travels a total distance of
1.61 km over a period of 122 seconds. The 13hp during acceleration is 2 times the 6.6hp
average for the cycle. The 13hp peak during acceleration is also 3.55 times the 3.66hp
that is required for constant speed.
xxii Figure 4.1 is taken from James Larminie and John Lowry, "Electric Vehicle Technology Explained",
Figure 7.11, page 199.
xxvii Table 4.1 is taken from James Larminie and John Lowry, "Electric Vehicle Technology Explained",
Table 7.1, page 199.
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Without the regenerative braking, the stopping process will be wasted since all
orderly kinetic energy that could have been recovered is degraded to useless disorderly
energy by the friction process in the brakes. Besides than braking fiction process, there
are also aerodynamics and the tire drag also provide some of the braking power and that
these energy cannot be recovered by the regenerative braking system.
The following table can be constructed by putting in all the values into the
equations which we derived earlier.
kJ Btu % of total
Tires 32.96 31.24 5.49
Aero 12.73 12.07 2.12
Brakes 554.71 525.76 92.39
Total 600.4 569.04 100
Table 4.2 - Stopping energy distribution for each SAE J227a-D cycle
From table 4.2, we observed that 92.39% of the stopping energy is absorbed by
the brakes, while only 5.49% and 2.12% is absorbed by tires and aerodynamic drag
respectively. Hence, the brakes absorb most of the energy which can be recycled by
regenerative braking system. While the little portion of stopping energies that absorbed
by tires and aerodynamics are not able to be recycled.
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4.2.2 Modeling of Braking Operation using "Bang-bang" Drive Cycle
Now, let's examine another case for upper limit of heat release during stopping
process or maximum benefit that could be achieved through regenerating braking. The
drive cycle applied in this case is the "bang-bang cycle" which has which can be
constructed as follows:
illD
tlo
* o 14 2 o 33 44 so 56
Figure 4.2 - Bang-bang drive cyclexxix
Similar to SAE J227a-D cycle, the following parameters for bang-bang cycle can
be derived. For the ease of calculation purposes, quasi-static response and constant
acceleration and deceleration are assumed.
peak.velocity 15.56 1.1lm/s 2  (4.10)Acceleration, a= - 1.11m/s (4.10)time 14
Energy Fd mad _ 1379(1.11)(143.56)%rceeleration = --- == 15696.13watt -_21.05hptime t t 14
(4.11)
xxx Figure taken from Frank Wicks, "Modeling regenerative braking and storage for vehicles."
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+(Cd)APi, Kind + v) v
Pc,• = P! + Pero, = Ct(mgXv) + Cd)AP
0.26(2.55XX1 .36X4.2)
= (0.01X13528X15.56)+ = 2120.77W = 2.84hp (4.12)2
0-15.56Deceleration, a,= 0-15.56 -1.41m/ s 2  (4.13)
11
By similar calculation, for this reference cycle, the Prius travels a total distance of
525.1704m (i.e. 1723feet) over a period of 56 seconds. The 21.05hp during acceleration
is 2.273 times the 9.26hp average for the cycle. The 21.05hp peak during acceleration is
also 7.41 times the 2.84hp that is required for constant speed. It is important to note that
the ratio of Pccevera•tio and Pwcereaton will change with respect to different drive cycles.
avernge cruise
Similarly, the following table can be constructed with all the values.
kJ Btu % of total
Tires 24.39 23.12 6.31
Aero 10.36 9.82 2.68
Brakes 351.83 333.47 91.01
Total 386.59 366.42 100
Table 4.3 - Stopping energy distribution for each bang-bang cycle
Hence, as observed from both table 4.2 and table 4.3, they show that brakes
absorb almost all of the energy for rapid stopping. An alternative strategy of anticipating
stops by earlier removal of engine power and some coasting would save fuel but lengthen
the time between stops.
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4.2.3 Calculation of Regenerative Braking Performance Cost
Now, let's estimate the benefit of the regenerative braking system in terms of
money for SAE J227a-D cycle. To estimate the maximum benefit that can be achieved,
the unrealistic assumptions are applied here. These assumptions such as, ideal
regenerative braking systemxxx is used (i.e. having 100% charge and discharge efficiency)
and no additional weight on the vehicle.
The fuel cost of widely-accepted 125,000 Btu/galxxx' is applied in this case. Also,
an internal combustion engine efficiency of 25% is used here. Note that this percentage
represents the best existing internal combustion engines. Also, the price of gasoline is
$2.357 per gallon.xxxlI
Average power of Prius for SAE J227a-D cycle = 6.6hp = 4921.62 watts (4.14)
For each SAE J227a-D cycle (122 seconds), total energy consumed = 600.438 kJ
= 569.07 Btu (4.15)
1.hourFor each operating hour, total cycle = - - = 29.51 (4.16)
122sec
16793.26BtuTotal energy consumed for each operating hour =
25%
0.134gal
= 0.536gallons (4.17)
25%
xxx More analysis or modeling of ideal regenerative system can be found from Frank Wicks, "Modeling
regenerative braking and storage for vehicles."
xxx' More information can be found from http://www.silentsherpa.com/Tools.asp or
http://www.questargas.com/AboutNaturalGas/Thermalues/thermal.html.
XxxI" Obtain from http:!/eia.doe.gov/ based on the price of US average and dated on 2006-02-07.
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Hence, total cost for each operating hour is $1.26, of which $1.17 is absorbed by the
brakes, which is the potential saving from an ideal regenerative braking system.
kJ Btu % of total Cost (cents)
Tires 32.96 31.24 5.49 0.236
Aero 12.73 12.07 2.12 0.091
Brakes 554.71 525.76 92.39 3.965
Total 600.4 569.04 100 4.292
Table 4.4 - Stopping energy distribution and cost for each component
for each SAE J227a-D cycle
The total distance traveled in each SAE J227a-D cycle is 1.61km, while total
distance traveled by an average U.S. household, i.e. 41 miles (i.e. 66 km) per day or
15000 miles (i.e. 24140 km) per annum.""xx x i By using the values in table 4.4, the total
amount of fuel cost saving for each HEV as a result of implementation of ideal
regenerative braking system is listed as follows:
66km
Total fuel cost saving per day -- x$0.03965 = $1.63 (4.18)
1.61km
24140kmTotal fuel cost saving per annum = km x$0.03965 = $594.50 (4.19)
1.61km
Important points to note:
While the regenerative braking has the potential of saving fuel, it may also do
more harm than good as a result of additional weight (see sub-chapter 2.4), not
ideal charge/discharge efficiency on the batteries and limited portion of the entire
x' US Department of Transportation, Federal Highway Administration, "1990 Nationwide Personal
Transportation Survey, summary of travel trend".
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driving cycle when regenerative braking can be utilized (i.e. usefulness of
regenerative braking is also depend on the driving cycles).
* It is possible to have a tremendous variation of the potential for regenerative
braking between different type of vehicles and their operations (i.e. the driving
cycles).
* The driving cycle that is most likely to generate maximum net benefit from
regenerative braking is the "bang-bang cycle". In this type of drive cycle, vehicle
can travel greatest distance over a given time while also making frequent stops for
traffic: lights and to load and discharge passengers. This cycle is also provides for
minimum time between stops and is often used to model public bus.
* It is also recognized that a poorly specified, designed and operated regenerative
braking system may result in net loss of orderly energy and thus in an increase in
fuel consumption and costs. Examples of factors such as, additional weights of
batteries, a long distance between stops and reduce the number of braking, or too
rapidly deceleration that the rate of decrease of kinetic energy is much greater
than the rate at which mechanical power can be converted to electricity and then
to stored chemical energy in the batteries. For this research, focus will be on the
third factor, i.e. how much specific power needed to idealize the regenerative
braking system. This is illustrated in the sub-chapter 4.3 below.
* The question remains of whether a practical system can be developed that
provides more savings than additional cost for the best case of regenerative
braking application. Note that longer and more irregular driving cycles will
Prepared by. Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
decrease the value of regenerative braking due to the fact of smaller ratio of
average braking to engine power.
4.3 Power Transfer Characteristics
Now let us examine the power transfer characteristics between regenerative
braking system and energy storage system by applying the following assumptions:
* Ideal regenerative braking system analysis (i.e. 100% charge and discharge
cycles);
* Power transfer characteristics of Bang-bang cycle is used for this calculation
and power transfer characteristic will vary between different drive cycles;
* Toyota Prius with a passenger (i.e. the driver who weighs 150 lbs) inside.
Hence, the total weight is 3040 lbs (i.e. 1379 kg);
* Quasi-static response and constant acceleration and deceleration.
The previous section established that the constant power requirement (i.e. Puise)
from the engine with ideal regenerative braking would be 2.84hp (see equation (4.12)).
Note that the following analysis will examine how the regenerative storage system will
operate such that the net change in stored energy is zero in each cycle. These calculations
are done through the trial and error method as well as intellectual guessing. Also note that
power input to storage system is positive while power output from storage system is
negative. In addition, the following calculations of ideal regenerative braking system is
based on the minimum possible output power from engine for the purpose of fuel saving.
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During the constant acceleration with a 21.05hp requirement (see equation (4.11)),
2.29hp will be produced from the engine while the remaining 18.76hp will be released
from the battery. During constant speed cruising with an 2.84hp requirement, 2.29hp will
be supplied by engine and the rest of 0.55hp will be provided by battery.
During constant deceleration stopping, the battery will absorb power at a rate of
78.06hp from braking for a total input power transfer rate of 78.06hp or equivalently
58.21kW. It is important to note that this is the minimum requirement of the battery
power to achieve an ideal regenerative braking system (i.e. to capture all the brake
energy).
The power transfer rate during the deceleration finally decreases to 2.29hp at the
stopped condition and for the remaining stopped time. The whole Bang-bang cycle power
transfer characteristic is illustrated in figure 4.2.
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Figure 4.3 - Power transfer characteristics for each Bang-bang cycle for Prius. Note that
this curve is obtained by assuming an ideal regenerative braking system and it is
analogous to the plots by Frank Wicks. xxxv
As can be observed from figure 4.2, for each Bang-bang cycle, for the case of
acceleration of l.1llm/s 2 , a total amount of 18.76hp (or equivalently 13.99 kW) is
needed from the HEV energy storage system. If this acceleration is done solely through
electric motor only, then a total of 21.05hp will be needed from battery, by assuming
100% of discharging efficiency. Yet, for a normal HEV operation, this is not an issue as
most of the acceleration will be aided by internal combustion engine to achieve a better
performance.
However, in order to have an ideal regenerative braking system which is able to
totally absorb all the braking heat dissipated as a result of stopping process (i.e.
-1.41m / s 2 of deceleration), a minimum requirement of 78.06hp (or equivalently 58.21
xxx""' Figure taken from Frank Wicks, "Modeling regenerative braking and storage for vehicles."
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kW) input power is required for the HEV batteries. According to Akihiro Taniguchixxx,
typically, the practical input power of an HEV battery system is only 80% of the
theoretical power available (note that this efficiency percentage varies across different
battery technologies). Hence, in this case, a 72.76 kW of theoretical power will be needed
for an HEV energy storage system to fully capture the braking heat released.
4.4 Effect of HEV Storage System Specific Power on Regenerative Braking
Performance
The information of Toyota Prius battery pack is listed as follows:
Insight Prius Units
Battery Type NiMH NiMH
Nominal Cell voltage 1.2 1.2 V
Rated capacity. 6.5 6.5 Ah
Cells per module 6 6
Number of modules 20 38
xxxv
"
Total voltage 144 273.6 V
Nominal energy storage 936 1778 Wh
Module mass 1.09 1.04 kg
Pack mass* 35.2 53.3 kg
Table 4.5 - Battery pack specifications of Toyota Prius and Honda Insight.xxxvii
* Note that the pack mass includes the enclosure and packaged power electronics.
xXXV Akihiro Taniguchi, Noriyuki Fujioka, Munehisa Ikoma and Akira Ohta, "Development of nickel/metal-
hydride batteries for EVs and HEVs".
xxxv' The newer version of Prius battery pack has ten fewer cells (28 compared to the previous 38) the new
battery is smaller, lighter and more powerful than previous. It is warranted for eight years, but Toyota
expects it to last 15 years - the effective life of the vehicle. For the ease of calculation purposes, we still
stick to 38 cells in this research.
xxx"" Table taken from Kenneth J. Kelly, Mark Mihalic, Matthew Zolot, "Battery usage and thermal
performance of the Toyota Prius and Honda Insight during Chassis Dynamometer Testing."
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4.4.1 Case for NiMH as HEV Energy Storage System
According to James Larminie xxv""", the specific power of NiMH battery is
roughly 200 . Hence, the Toyota Prius current NiMH battery pack has only a total ofkg
maximum power of 38(1.04X200)= 7904Watts (or equivalently 10.6hp), far lower than
the ideal regenerative braking system. The following explanation is to express all these
issues in terms of money (i.e. the gasoline costs).
78.06hp
CL
0
C.
2.29hp
0
-9.4•hp
-18.7"hp
hp---------------------------------------------------
10.6hp
- -. -.. -..- .- .-.- .- - .- . .-.- - - -- . .- - .- - .--- .---- - - - - - -
.-------------- . ------. . 5
Blue - Amount of energy that
being stored into battery by
current NiMH technology's
specific power achievement
Time (Sec)
Figure 4.4 - Power transfer characteristics for each Bang-bang cycle with more
explanation.
XXXVIII James Larminie, John Lowry, "Electric Vehicle Explained", 2004.
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For each Bang-bang cycle, with a distance of 1723 feet or equivalently
0.5251704km (see sub-chapter 4.2.2):
Amount of energy that has been recycled (i.e. blue region)
81.29kJ = 77.05Btu /cycle (4.20)
77.05This is equivalent to amount of fuel saving 77.05 x2.934 = $0.0072 /cycle
125000x0.25
(4.21)
24140kmHence, for annual travel of 24140km (i.e. =24140k 45966 cycles),0.5251704km / cycle
(4.22)
(4.23)the cost saving = $332.52/year
This is the maximum amount of saving by regenerative braking that we can achieve by
Whaving a 200- specific power of NiMH battery technology.kg
Amount of Brake energy that is wasted (i.e. yellow region) = 251.52kJ = 238.4Btu
(4.24)
This is equivalent to amount of fuel saving = $0.022/cycle or $1029/year (4.25)
Hence., if current NiMH technology only allows us to achieve 200 of specifickg
power, amount of regenerative energy that wasted is $0.022/cycle and $1029/year.
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4.4.2 Case for Li-ion as HEV Energy Storage System
Now, instead of NiMH technology; let us evaluation the current Li-ion technology,
which has a specific power of 300 according to James Larminiexx x .xkg
By assuming Li-ion has a same module mass with NiMH (i.e. 39.52 kg), then
highest possible power that can be achieved is
= (300W kg)x(39.52kg)= 11856W=15.9 hp. (4.26)
Then, amount of fuel saving with respect to regenerative braking system is
= 120.47kJ/cycle = 114.18 Btu/cycle = $0.0107/cycle = $492.76/year. (4.27)
Notice that the fuel saving per annum has increased by $160.24 due to the higher specific
power achieved in Li-ion technology.
Then, the total amount of regenerative energy that is wasted (ICE and brake)
= 185.41 kJ/cycle = 175.74 Btu/cycle (4.28)
Equivalently, the total amount of regenerative energy that is wasted
= $0.016/cycle = $758.43/year (4.29)
Now, let's assume Li-ion has the same expected life as NiMH, i.e. 150000miles
or 241401.6km (note that different battery technology will have a different life cycles and
hence different expected life distance). Then theoretically, by neglecting other condition
such as percentage of DOD, operating temperature etc., Li-ion will be able to have
241401.6km
= 459663.38 Bang-bang cycles throughout its lifespan. (4.30)
0.525km / cycle
xxx""' James Larminie, John Lowry, "Electric Vehicle Explained", 2004.
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In this case, throughout its lifespan, Li-ion 300 specific power technology willkg
be able to achieve maximum fuel saving of
= ($0.0107 / cycle)x(459663.38cycle/life) = $4918.40/life. (4.31)
Also, total amount energy that is wasted throughout its life
= ($0.016 /cycle)x(459663.38cycle/life)= $7440.86/life. (4.32)
4.5 Calculation of Marginal Cost of Li-ion Battery in term of Regenerative
Braking Value
Now, let us calculate the differential cost Li-ion specific power technology. Note
that in this case all the assumptions are still applied. Let me repeat them again one-by-one.
* Bang-bang drive cycle
* Same module mass of HEV battery (i.e. fixed at 39.52kgx1)
* Same lifespan (i.e. fixed at 150000miles or 459663.38 Bang-bang cycles)
* Neglecting other battery operating conditions such as percentage of DOD,
operating temperature etc.
Assume Li-ion has achieved at specific power of 310 , then highest possiblekg
power that can be achieved is (310W / kg)x(39.52kg) = 12251.2W= 16.43hp. (4.33)
Note the rise in horsepower compared to the first case.
X' The newer version of Prius battery pack has eight fewer cells (28 compared to the previous 36) the new
battery is smaller, lighter and more powerful than previous. It is warranted for eight years, but Toyota
expects it to last i15 years - the effective life of the vehicle. For the ease of calculation purposes, we still
stick to 36 cells in this research.
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In this case, total amount of fuel saving
= 123.62kJ/cycle = 117.17Btu/cycle = $0.011 /cycle = $5056.69/life. (4.34)
By substituting equation (4.31) and (4.34), the amount of fuel saving has increased by
= $5056.69/life - $4918.40/life = $138.29/life. (4.35)
Also, total amount fuel that is wasted = 178.53kJ= 169.21Btu
= $0.0159/cycle = $7302.57/life. (4.36)
Similarly, by substituting equation (4.33) and (4.30), the amount of fuel waste is
decreased by = $7440.86/life - $7302.57/life = $138.29/life. (4.37)
WHence, in summary, by increasing the specific power of Li-ion by l0-, amountkg
of fuel saving has increased by $138.29/life and amount of fuel waste is decreased by
$138.29/life, which match to each other and hence calculations verified.
Finally, we come out with the value of each Li-ion specific power technology,
$138.29S- 8 = $13.83 per W/kg. (4.38)lOW / kg
Note that this specific power value is only with respect to the value of regenerative
braking with all the assumptions that stated before hold.
4.6 Conclusion
There are a few important points which are worth to mention as regards to the
calculated marginal cost of specific power of HEV energy storage.
Prepared by: Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
First, this specific power value is only valid for specific vehicle and operation (i.e.
Toyota Prius with a driver inside and Bang-bang drive cycle). Different vehicle weight
will result in different specific power value. Also, different drive cycle may result in
different specific power value too. However, the braking characteristic for most of the
drive cycles is roughly the same, i.e. with a near triangular shape in power-time transfer
characteristics (see figure 4.2 and 4.3).
Also, when specific power of Li-ion achieved higher and higher, the marginal
value of each Li-ion specific power technology will be decreased. This is because the
available energy to capture (i.e. the brake energy) is decreased, which is only span about
less than 10 seconds (see figure 4.2 and 4.3). This marginal value will keep decrease as
Li-ion specific power achieve higher and higher.
With the assumption of 100% charging efficiency, the ideal regenerative braking
system will be able to capture more energy if the module mass of battery is increased.
Yet, this might cause more fuel consumption as the weight of the vehicle will be
increased. More complicated analysis is needed to figure out the net benefit if module
mass of battery is changed. Also, it is important to note that changing the module mass of
the battery will not alter the value of each Li-ion specific power technology.
If other battery operating conditions such as percentage of DOD, operating
temperature etc. are taken into consideration, then a much complicated analysis is needed.
Such a detailed analysis of the benefit for the full spectrum of vehicles, driving cycles
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and regenerative braking systems is beyond the scope of any analysis. Yet, it is obvious
that the marginal value of each Li-ion specific power technology will drop if these
operating considerations are taken into account.
Regenerative braking system will cost the vehicle additional cost and weight.
However, this type of information is badly limited and there's also doubt in their level of
accuracy. Toyota has specified its ECB2 (Electronically Controlled Brakes) system for
the Prius which features regenerative braking, VSC (Vehicle Stability Control) and EBD
(Electronic Brake force Distribution). Generally, it is believed that the whole regenerative
braking system will cost around $1500 to $2000 with an additional net weight of
approximately 450 lbs (or equivalently 204.12 kg).xti
Finally, the marginal value of each Li-ion specific power technology varies with
different vehicles and different drive cycle. For instance, a municipal bus with net weight
of 23000 lbs plus 30 passengers, i.e. total estimated weight of 27500 lbs and 854 slugs of
mass will definitely result in different marginal value of each Li-ion specific power
technology. Similar calculation procedure can be done and it is estimated that the value
of each Li-ion specific power technology has increased to $29.58 per W/kg in this case
(see Appendix).
xIi More information can be obtained from http://news.thomasnet.com.
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CHAPTER 5
CALCULATION OF ACCELERATION COSTS
5.1 Introduction
As mentioned in sub-chapter 4.1, besides the regenerative braking, the other
vehicle performance specification that can be improved by improving specific power of
HEV energy storage is acceleration. These two vehicle performance specifications are the
most relevant specifications to higher specific power energy storage system of HEV.
In this chapter, similar to chapter 4, the improvement in acceleration performance
as a result of improvement of specific power of HEV energy storage is calculated and the
performance is all expressed in terms of money (i.e. gasoline cost). Also the
methodologies applied are also noted.
5.2 Effect of HEV Storage System Specific Power on Acceleration Performance
Similar to the chapter 4, in this chapter, the power transfer characteristic of bang-
bang drive cycle is used and the assumptions that stated in sub-chapter 4.3 are applied.
Among them, the major assumptions are such as ideal battery system (i.e. 100% charge
and discharge cycle efficiency) in HEV and also the vehicle that is used for this
calculation if Toyota Prius with a driver which has a combined weight of 3040 lbs.
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Figure 5.1 - Power transfer characteristics for each Bang-bang cycle for Prius. Note that
this curve is obtained by assuming an ideal regenerative braking system and it is
analogous to the plots by Frank Wicks. xlii
Now, let us evaluate the current Li-ion technology, which has a specific of
300 according to James Larminiex ". By assuming Li-ion has a same module masskg
with NiMH (i.e. 39.52 kg), then highest possible power that can be achieved is 11856W
(or equivalently 15.9 hp). These are all illustrated in figure 5.2.
x:i Figure taken from Frank Wicks, "Modeling regenerative braking and storage for vehicles."
xI" James Larminie, John Lowry, "Electric Vehicle Explained", 2004.
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Figure 5.2 - Power transfer characteristics for each Bang-bang cycle with more
explanation on the accelerating energy requirement. (Note that figure is not drawn to
scale)
By assuming the ideal batteries system, the maximum accelerating power that can
be achieved by operating electric motor alone is 15.9 hp regardless of what's the
maximum power output or torque of the electric motor (see equation (4.26)).
For each Bang-bang cycle, with a distance of 1723 feet or equivalently 0.525km,
by using the same methodologies as chapter 4, then:
Amount of energy that is provided by electric motor during acceleration
; 165.99kJ / cycle = 157.33Btu /cycle (5.1)
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This is equivalent to amount of fuel saving
157.33
- x2.934 = $0.0148/cycle (5.2)
125000x0.25
Hence, for annual travel of 24140km, i.e. 45966 cycles (see equation (4.22)), amount of
fuel saving = ($0.0119/ cycle)x(45966)= $678.98/year. (5.3)
For lifespan of 150000milesxliv or 459663.38 Bang-bang cycles (see equation (4.30)),
total amount of fuel saving = ($0.0148/cycle)x(459663.38) = $6789.87/life. (5.4)
Note that this is the maximum amount of accelerating energy benefit of HEV that
expressed in term of gasoline cost compared to comparable size of ICE vehicle. Also, it is
important to note that this value from equation (5.4) is the maximum amount of
accelerating energy that can be provided by electric motor in terms of fuel price by
having a 300W specific power of Li-ion battery technology.kg
On top of the 2.29 hp of power (see sub-chapter 4.3) that constantly supplied by
ICE during the drive cyclex1v, the amount of additional energy that has to be provided by
ICE during each Bang-bang drive cycle acceleration (i.e. yellow region in figure 5.2)
= 29.858kJ / cycle = 28.3Btu / cycle (5.5)
This is equivalent to amount of gasoline cost = $0.0027/cycle or $122.13/year (5.6)
Hence, the total amount of gasoline cost = $0.0044/cycle or $202.25/year (5.7)
""i The lifespan that is achieved by NiMH batteries pack in Toyota Prius. More information can be found
from www.toyota.com.
xI" Condition to satisfy the power transfer characteristics such that the HEV operation will result in the net
change in stored energy is zero in each cycle.
Prepared by: Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
This is the minimum amount of Bang-bang drive cycle accelerating energy that has to be
provided by ICE in terms of fuel price by having a 300 specific power of Li-ion
kg
battery technology.
Important points to note:
* These values are derived based on the operation of Bang-bang cycle. The peak
velocity of Bang-bang cycle is just 35mph or equivalently 53.6 km/h, and this
peak velocity is achieve from zero velocity within 14 seconds in this drive cycle
(i.e. with an acceleration of 1.11m/s 2 ). Compare to the acceleration that
experienced in .other drive cycle, 1.1m / s 2 is a relatively low acceleration. Note
that higher acceleration will result in higher. acceleration power needed and
subsequently acceleration will be more relying on ICE. Hence, the total amount of
gasoline cost needed for acceleration will be increased.
* These calculated values are derived based on a 3040 lbs vehicle. Note that for the
same acceleration, heavier vehicle will result in a higher accelerating power
needed. As a result, acceleration will be more relying on ICE too and total amount
of gasoline cost will then be increased.
5.3 Calculation of Marginal Cost of Li-ion Battery in term of Acceleration Value
For this case, the same assumptions from sub-chapter 4.5 applied here. Among
them ,the major assumption is such as Li-ion HEV batteries have a lifespan of
150000milesxivi or 459663.38 Bang-bang cycles (see equation (4.30)). Also, similar to
xivi The lifespan that is achieved by NiMH batteries pack in Toyota Prius. More information can be found
from www.tovota.com.
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equation (4.33), assume that Li-ion battery technology has achieved a specific power of
W
310-, then highest possible power that can be achieved is:kg
(310W/kg)x(39.52kg)= 12251.2W=16.43hp. (5.8)
In this case, the maximum amount of accelerating energy that can be provided by electric
motor is = 171.53kJ/cycle = 162.575Btu/cycle = $0.0153/cycle = $7016.23/life.
(5.9)
Note that this is the maximum amount of accelerating energy benefit of HEV that
expressed in term of gasoline cost compared to comparable size of ICE vehicle, provided
310W/kg of Li-ion battery technology is achieved. Also note the maximum amount of
electric motor accelerating energy has increased by
= $7016.23/life - $6789.87/life = $226.36/life. (5.10)
This is due to the 10W / kg specific power improvement of Li-ion battery technology.
Finally, we come out with the value of each Li-ion specific power technology,
$226.36
- - = $22.64 per W/kg. (5.11)lOW / kg
Note that this specific power value is only with respect to the value of acceleration with
all the assumptions that stated before hold.
5.4 Conclusion
The acceleration value as a result of marginal specific power improvement is
obtained through less relying on ICE (i.e. by relying more on electric motor) to achieve
the same acceleration performance on the same vehicle. Hence, energy saving is achieved.
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On the other hand, by marginal specific power improvement, by using the same amount
of gasoline, a greater acceleration performance can be achieved. The marginal
improvement on acceleration performance has been calculated in terms of money and has
been defined as the acceleration value in this chapter.
Unlike the case of regenerative braking, this value of specific power will remain
constant, as long as there is still a portion of accelerating power needed that is contributed
by ICE. The limiting factor for this case is the maximum output power of electric motor.
For example, the maximum output power of permanent magnet AC synchronous electric
motor (which is applied in Toyota Prius) is 67 hp or equivalently 49.96 kW.xlvii For bang-
bang cycle, this specific power value will remain almost constant as long as
49.96kW
= 1264.17W / kg xlviii is still not been reached yet. If this specific power value is
39.52kg
reached, then additional improvement of Li-ion specific power will not generate any
value. In this case, for continuous improvement, advancement in electric motor is needed
and more R&D funds will be needed as a point of consideration.
For each Bang-bang cycle, the acceleration is assumed to be remained at
1.1 m/s 2 for 14 seconds for simpler calculation. Hence, the accelerating power needed
remains constant too within this time range. If the acceleration changes within this time
range, then the accelerating power needed might change accordingly. Then, in this case,
the calculated specific power value will not remain constant, it will change accordingly.
xlvii Information obtained from Toyota Prius specifications, www.tovota.com.
xlviii 39.52kg is the current total NiMH battery mass in Prius. Here we are assuming the total mass of Li-ion
battery remain the same. Additional mass of battery will make the vehicle heavier, subsequently more
accelerating power is needed and hence more gasoline is consumed.
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For drive cycle that has a higher peak velocity, then to achieve the peak velocity
from the resting (i.e. zero velocity) condition, the vehicle will either having a higher
acceleration or having a longer acceleration time, which each of them lead to different
specific power values scenario:
1) If the vehicle chooses to maintain the acceleration time (i.e. remain at 14 seconds)
by having a higher acceleration value, then distance covered per unit time will be
increased and subsequently, the accelerating power that required per unit time will
be increased. As a result, the specific power value will remain at_$18.19 per W/kg
and remain constant for each increment of specific power. However, this
acceleration condition is more relying on the ICE as the accelerating power
required is increased. (see Figure 5.3(b)) Hence, the gasoline consumption is
increased in this case.
2) If the vehicle chooses to maintain its accelerating rate by increasing its
accelerating time, the specific power value will be increased compared to$18.19
per W/kg for each increment of specific power. (see Figure 5.3(c))
If the weight of the vehicle is increased, then the accelerating power required to
achieve the same acceleration performance will be increased. As a result, this
accelerating power will be more relying on ICE and hence the gasoline consumption will
be increased. Also, the calculated specific power value is different for different drive
cycles as each drive cycle has its own accelerating power transfer characteristics, i.e.
different acceleration value and accelerating time.
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Figure 5.3 - (a) Original power transfer characteristics;
(b) Case when vehicle maintain its accelerating time but increase its accelerating rate;
(c) Case when vehicle increase its accelerating time but maintain its accelerating rate.
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CHAPTER 6
CALCULATION OF SOCIAL COSTS AND
FUEL CONSUMPTIONS COSTS
6.1 Introduction
As mentioned in sub-chapter 4.1, there are many benefits that can be obtained as a
result of implementation of higher specific power of battery pack for HEV energy storage
such as achieving improvement in vehicle performance (i.e. regenerative braking (see
chapter 4) and acceleration (see chapter 5)), higher fuel savings and reduced
environmental pollution (i.e. reduced social costs).
In this chapter, similar to previous chapters, the benefits of higher fuel savings
and reduced environmental pollution that generated as a result of implementation of
higher specific power of HEV battery are calculated in terms of money. The calculated
results that obtained from chapter 4 and 5 will also be applied in this chapter.
The social cost is first calculated for both cases of HEV and its comparable ICE
vehicle in sub-chapter 6.2, for comparison purposes. This is then followed by calculation
of social cost improvement as a result of implementation of higher specific power of
battery pack in HEV. In the last part of this chapter, fuel economy (i.e. MPG) and amount
of fuel savings achieved as a result of marginal improvement of specific power of HEV
energy storage is presented.
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6.2 Comparison of Social Costs Expenditure between HEV and ICE
Degree of environmental pollution that caused by vehicles is best represented by
social costs. Generally, the social cost components include the pollutants such asxlx:
* Non-methane organic gases (NMOG)
* Carbon monoxide (CO)
* Nitrogen oxides (NOx)
* Carbon dioxide (C0 2)
Table 6.1 - Social value estimations of main
po
(ICE) vehicle 
emission.
xix These 4 components of emission pollutants are taken based on the evaluation done by Laster B. Lave
and Heather L. MacLean, "An environmental-economic evaluation of hybrid electric vehicle: Toyota Prius
vs. its conventional internal combustion engine Corolla."
1 Estimations are based on regulatory commissions in California, Nevada, New York and Massachusetts.
The median and highest social valuations from these state evaluation as well as published research studies
are derived in Matthews and Lave, "Application of environmental valuation for determining externality
costs", 2000.
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Emission Median valuation ($/ton) Highest valuation ($/ton)
NMOG 1400 4400
CO 1050 1050
NOx 1060 9500
CO02 14 23
~ ~_ __ _ · _ _
Curb Fuel Acceleration
NMOG CO NOx CO 2Vehicle Weight Economy (0-60 mph),
(g/mi) (g/mi) (g/mi) (g/mi) (lb) (MPG) i  seconds
Toyota Priusli' 0.003 0.04 0.001 180
Fuel Cycle""i  0.05 0.06 0.1 69 2890 56 12.7
Total: 0.053 0.1 0.101 249
Toyota Corolla' 0.04 1.3 0.2 252
Fuel Cycle"d 0.07 0.09 0.13 96 2530 l v  34.8 10.3
Total: 0.11 1.39 0.33 348
Table 6.2 - Vehicle attributes and exhausts emission.
Same assumptions that stated in sub-chapter 3.1 are also applied here. Since the
total distance traveled by all the cars in an average U.S. household is about 41 miles per
day and roughly 15000 miles per annum, then the amount of social costs that needed to
be paid by each types of car owners are calculated as follows:
For Toyota Corolla owners,
Annual social cost of NMOG = 0.1 1(15000) gram x $1400/ton = $2.31 (6.1)
Annual social cost of CO = 1.39(15000)gram x $1050/ton = $21.89 (6.2)
Annual social cost of NO, = 0.33(15000)gram x $1060/ton = $5.25 (6.3)
Annual social cost of CO 2 = 348(15000)gram x $14/ton = $73.08 (6.4)
"li Fuel economy is calculated using US Environmental Protection Agency's (USEPA) certification values,
based on 55% urban driving cycle (CVS) and 45% highway driving cycle (HWY). While the MPG value
for both CVS and HWY driving cycle are taken from Toyota website - www.toyota.com.
lii The first values for the cells are the lifetime vehicle exhaust emissions.
liii Fuel cycle data are the emissions from producing the fuel. These emissions are assumed to be
proportional to the amount of fuel used.
lv This is the weight of manual transmission Corolla, automatic transmission counterpart weighs 25951bs.iv Emission components data are taken from Toyota measurement which can be found from D. Hermance,
"Personal Communication", July 2000.
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Hence, the annual operating social cost is
= $2.31 + $21.89 + $5.25 + $73.08 = $102.53 (6.5)
For Toyota Prius owners,
Annual social cost of NMOG = 0.053(15000) gram x $1400/ton = $1.1130 (6.6)
Annual social cost of CO = 0.1 (15000)gram x $1050/ton = $1.5750 (6.7)
Annual social cost of NOx = 0.101 (15000)gram x $1060/ton = $1.6059 (6.8)
Annual social cost of CO2 = 249(15000)gram x $14/ton = $52.2900 (6.9)
Hence, the annual operating social cost is
= $1.1130 + $1.5750 + $1.6059 + $52.29 = $56.5839 (6.10)
Above calculations are based on median valuation. Similarly, highest valuation is
used for calculations of social costs and the following table can be constructed:
Vehicle type: Corolla Prius
Valuation Type: Median Highest Median Highest
Annual social cost of NMOG $2.31 $7.26 $1.11 $3.50
Annual social cost of CO $21.89 $21.89 $1.58 $1.58
Annual social cost of NO, $5.25 $47.03 $1.61 $14.39
Annual social cost ofCO2  $73.08 $120.06 $52.29 $85.91
Total annual operating cost: $102.53 $196.24 $56.59 $105.38
Table 6.3 - Various social costs components
Hence, Corolla owners will need to pay $45.94 extra for social cost annually if
median valuation is to be used and pay $90.86 more if highest valuation is to be used.
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6.3 Calculation of Fuel Economy (MPG) Improvement as a result of
Marginal Improvement of Specific Power of Li-ion Battery
Now, let us calculate the differential cost Li-ion specific power technology.
Similar to sub-chapter 4.5, we are assuming Li-ion has achieved at specific power of
W W
310 , which is an improvement of 10 , then highest possible power that can bekg kg
achieved is 12251.2W (or equivalently 16.43hp). Note the rise in horsepower after the
improvement of specific power (see equation (4.33)).
In this case, total amount of fuel saving through regenerative braking is
= 123.62kJ/cycle = 117.17Btu/cycle = $0.01 1/cycle = $5056.69/life. Note the amount of
fuel saving has increased by $138.29/life (see equation (4.35)).
Also, the maximum amount of accelerating energy that can be provided by
electric motor is = 171.53kJ = 162.575Btu = $0.0153/cycle = $7016.23/life (see equation
(5.9)). Note that this is the maximum amount of accelerating energy benefit of HEV that
expressed in term of gasoline cost compared to comparable size of ICE vehicle, provided
310W/kg of Li-ion battery technology is achieved. Hence, the maximum amount of
electric motor accelerating energy has increased by $226.36/life (see equation (5.10)),
which is also the fuel savings achieved due to the improvement of acceleration that
provided solely by electric motor. This is due to the 10W/kg specific power
improvement of Li-ion battery technology.
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through regenerative braking.
Figure 6.1- Analysis on the total amount of fuel saving as a result of marginal specific
power improvement.
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From figure 6.1, the total amount of energy saving for each Toyota Prius HEV
lifespan is (see equation (4.37)):
= $7440.86/life - $7302.57/life = $138.29/life. (6.11)
Note that it value is with respect to the marginal improvement of 10W of specific powerkg
of Li-ion HEV battery, by assuming Toyota Prius implementing Li-ion battery
technology, which has a higher specific power in its HEV energy storage system. This is
also equivalent to say that the total amount of fuel saving achieved is $13.83 per W/kg
per HEV lifespan. (See equation (4.38)) By considering the operation cycle of Toyota
Prius, this is equivalent to amount of fuel saving of:
$13.83
= 4.7137gallons$2.934 / gallon
= (4.7137gallon)x(125000Btu /gallon)x(25%)= 147303.17Btu = 155413.08kJ
(6.12)
of gasoline energy. Also, this fuel energy savings is equivalent to
= (4.7137gallons)x(56MPG) = 263.97 miles of journey per lifespanIvi
(6.13)
This is also equivalent to annual fuel energy savings of
263.97miles
= 263.97miles / lifespan = = 26.4 miles/year (6.14)
10years
IV Toyota Prius fuel economy of 56MPG is applied. It is calculated based on US Environmental Protection
Agency's (USEPA) certification values, based on 55% urban driving cycle (CVS) and 45% highway
driving cycle (HWY). While the MPG value for both CVS and HWY driving cycle are taken from Toyota
website - www.tovota.com.
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by assuming 10 years of vehicle lifespan. Also, by the same assumption, the fuel saving
each year by having a marginal improvement of 1 W/kg of specific power in terms of
gallons is
4.7137gallons4.7137gallons = 0.471gallons (6.15)
1 Oyears
To calculate its MPG after 1 W/kg improvement, we have to first calculate the
fuel consumed annually before 1 W/kg improvement. For annual travelling of 15000
miles, gasoline needed is
15000miles
= 267.86gallons.
56MPG
Hence, by substituting equation (6.14) and equation (6.15), the f
travelling of 15000 miles after 1 W/kg improvement is
= 267.86-0.471= 267.386gallons.
15000milesThis is equivalent to = 56.0987MPG = 56.1MPG.
267.386gallons
In short, by having an 1 W/kg improvement of specific power of HI
improvement of fuel economy is
= 56.0987MPG - 56MPG = 0.987MPG ; 56.1MPC
(6.16)
'uel needed for annual
(6.17)
(6.18)
EV energy storage, the
r (6.19)
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6.4 Calculation of Social Cost Improvement as a result of Marginal
Improvement of Specific Power of Li-ion Battery
As shown earlier, by having an 1 W/kg of specific power improvement, fuel
economy has been improved (see equation (6.19)). This is equivalent to say that a fuel
energy saving of 26.4 miles/year is achieved (see equation (6.14)). Hence, for owners of
Toyota Prius with an 10 of specific power improvement in its energy storage, then:kg
Annual social cost of NMOG
= 0.053(15000 - 264) gram x $1400/ton = $1.0934 (6.20)
Annual social cost of CO = 0.1 (15000 - 264) gram x $1050/ton = $1.5473 (6.21)
Annual social cost of NOx = 0.101 (15000 - 264) gram x $1060/ton = $1.5776 (6.22)
Annual social cost of CO2 = 249(15000 - 264) gram x $14/ton = $51.3697 (6.23)
Hence, the annual operating social cost is
= $1.0934 + $1.5473 + $1.5776 + $51.3697 = $55.588/year. (6.24)
The comparison of social costs between the current Toyota Prius and a Toyota
Prius with I 0- of specific power of Li-ion HEV battery improvement are listed down inkg
Table 6.4 as follows:
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NMOG cost CO cost NOx cost CO 2 cost Total social
($/annum) ($/annum) ($/annum) ($/annum) cost ($/annum)
Toyota Prius $1.1130 $1.5750 $1.6059 $52.2900 $56.5839
Toyota Prius with
extra 10 W/kg $1.0934 $1.5473 $1.5776 $51.3697 $55.5880
improvement
Improvement
(i.e. social cost $0.0196 $0.0277 $0.0283 $0.9203 $0.9959
savings)
Table 6.4 - Social costs comparisons between typical Toyota Prius and Toyota Prius with
10 W/kg specific power improvement. Note: All social costs in this table are with median
evaluation.
This is also equivalent to say that the social cost saving achieve as a result of
1 W/kg specific power improvement is $0.9959 per HEV lifespan. All the calculated
information has been summarized in table 6.5.
Fuel Vehicle Fuel Vehicle Fuel
Vehicle Types Economy Consumption Cost
(MPG)Ivii (gal/annum) ($/annum)
Toyota Prius 56 267.857 $786.70
Toyota Prius with extra 56.0987 267.386 $785.31
10 W/kg improvement
Improvement
(i.e. Fuel consumption 0.0987 0.471 $1.38
savings)
Table 6.5 - Fuel consumption and cost comparisons between typical Toyota Prius and
Toyota Prius with 1W/kg specific power improvement.
The value of $1.38 per W/kg per year (i.e. $13.8 per W/kg per HEV lifespan) is
also coherent with the result that we calculated from equation (4.38) and hence verify our
calculation steps.
"vi Fuel economy is calculated using US Environmental Protection Agency's (USEPA) certification values,
based on 55% urban driving cycle (CVS) and 45% highway driving cycle (HWY). While the MPG value
for both CVS and HWY driving cycle are taken from Toyota website - www.toyota.com.
Prepared by. Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
6.5 Conclusion
In short, improvement in specific power of energy storage system has a vast effect
on fuel savings. This is due to the fact that fuel savings is achieved through the
improvement in both the regenerative braking system, i.e. able to collect more
regenerative braking energy and recycle more energy. With higher fuel saving achieved,
subsequently, the level of environmental pollution will be reduced and hence social cost
savings will be able to be achieved.
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CHAPTER 7
BUSINESS PLAN AND
COMMERCIALIZATION
7.1 Introduction
In the previous chapters, a value proposition has been calculated. The benefits of
higher specific power HEV energy storage were calculated in terms of money. The
improved parameters concluded more fuel savings, reduced environmental pollutions and
better vehicle performances. However, for a successful introduction of advanced
technologies to serve the society and improve the quality of human being's life,
commercialization planning is equally important as the technological breakthrough.
Besides, providing cost effective foundation technology to reduce fuel
consumption and to improve vehicle performance have always been the challenges in car
industry, or particularly HEV industry, and solutions to these problems are desperately
needed in this industry. In our case, the target market of high specific power Li-ion
battery technology, i.e. the worldwide HEV car manufacturers, which spent USD 675
millions in HEV energy storage components technology in year 2005, and according to
projection it will continue to rise to USD 2 billions by year 2010viii .
With an eye on this huge market opportunity, in this chapter, a proper planning of
commercialization strategies for a start-up company that is new in this business, has been
Iiii Data obtained from Japan Institute of Information Technology Ltd. - http://www.iit.co.ip/
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proposed to introduce this higher specific power of Li-ion battery technology to the HEV
energy storage business world. We start by providing an understanding of HEV market
industry and its business supply chains in sub-chapter 7.2. This is followed by the
proposed business model and business strategies in sub-chapter 7.3 as well as the
proposed revenue model in sub-chapter 7.4. This chapter is closed with the anticipated
problems during this commercialization process and the suggested solutions to encounter
them.
7.2 The Market
7.2.1 Overview of HEV Market Industry
The data of HEV Market Trend provided by the Japan Institute of Information
Technology Ltd. on July 2005 (see figure 7.1) shows that the US has imported 200K
units of HEV in 2005 compared to 80K units in 2004. This rapid growth of HEV demand
was mainly due to the rise of gasoline price that makes HEV really popular in US market.
Among the HEV imported to the US, Toyota has led in volume, models and cost,
targeting IM units annually in next few years. Toyota is followed by Honda and Ford,
while Nissan will be the newcomer with US production in 2006 model year. However,
GM and DC are comparatively slower in introduction of HEV. As observed, this
lucrative industry is dominated by the Japanese car companies followed by American car
companies. Among them, it is clear that the big player is Toyota and followed by Honda.
As mentioned earlier, HEV has the advantages of having less fuel consumption,
reduced environmental pollution, and higher performance than its ICE counterpart. With
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all these factors, HEV has been perceived by many governments as the vehicle solutions
in the near future and government agencies (e.g. DOE, USABC) have spent reasonable
amount of money on researches to improve the performance of HEV as well as subsidizes
on HEV to lower its price so as to achieve greater market penetration. Also, major HEV
players such as Toyota and Honda have put in lots of effort to boost HEV sales
worldwide. For instance, Toyota was not making any significant profit on Toyota Prius
Generation I in order to bring the selling price down, while Honda scientists have been
trying very hard to cut down the cost of the Honda Insight from the production value
chain. Hence, the main conclusion that can be drawn here is that the future of HEV
market will be very optimistic as it has received much support from several major players
in the industry.
r ,,._ ,1
Figure 7.1 - HEV Market Trend in Volume on July 2005"ix
hx Figure obtained from Japan Institute of Information Technology Ltd. - http://www.iit.co.ip/
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Even though the worldwide selling of HEV has risen significantly over the years
as shown in figure 7.1, various surveys have shown that higher initial purchasing price
has top the list as the main reason that hinders majority of the consumers not buying HEV.
In order for HEV market to be expanded further, a better vehicle performance is needed
to make HEV high purchasing price worth its value for the car buyers' perspective.
Furthermore, the steadily rising price of gasoline has caused major HEV car
manufacturers to push further for a better MPG (i.e. miles per gallon) to make MPG as a
tempting reason for consumers to buy HEV. Inline with the steadily increase of
worldwide HEV sales, solving these problems have been regarded by many people as the
multi-billions dollars opportunity. In fact, high specific power HEV energy storage is
exactly what the worldwide HEV car manufacturers and HEV car buyers needed and
hence the solution for this multi-billions dollars opportunity.
7.2.2 A Niche Market as Target
HEV vehicle performance and high fuel savings can be improved by many factors
and various HEV components have been identified as the point to be improved. Inline
with the title of this research, what we are targeting now is the improvement of vehicle
performance and high fuel savings through the improvement of energy storage of HEV.
But for HEV energy storage, there are lots of parameters that can be adjusted as well, and
here we are focusing on the most relevant parameter, which is the Li-ion battery specific
power. As mentioned earlier, in fact, this is currently the biggest issue for Li-ion battery
to make it as the perfect battery technology for HEV.
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7.2.3 Market Projection of HEV Energy Storage
From the data obtained from BCC research as illustrated in figure 7.2, it is
estimated that among the new components used for HEV, energy storage of HEV has
owned the largest market share with a good potential to grow rapidly with projection of
global market to reach 2 billions in 2010. This provides optimistic view in the success of
introduction of high specific power Li-ion battery technology to the HEV market, with a
high probability for high specific power Li-ion battery based start-up companies to grow
big.
I Engine.CVT.EPS. Braking
N MIoiDr.Generator.IP1U
DBattery.Ultraoapacior .ECU.
3IGEBT-INVERTOR. Electric Compressor.High
volatge uWiring
2D0:. 2004 2005 2010
Figure 7.2 - Breakdown of Global Market New Components Used in HEV, through 2010
($ Millions).Ix
Ix Figure obtained from BCC Research, December 2005.
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7.2.4 Overview of HEV Energy Storage Business Supply Chain
In order for business to succeed, it is crucial to understand the industry. All the
major parties involved in this industry have been illustrated in figure 7.3.
First, as mentioned earlier, Toyota and Honda are the big players in HEV industry,
together with other major HEV car manufacturers such as Ford, GM and Nissan; all these
car companies are the identified potential customers whom can apply the high specific
power Li-ion battery technology. However, it is important to acknowledge that these
HEV car companies are not manufacturing most of the HEV components, including the
HEV energy storage system by themselves which they choose to outsource to HEV
components' supplier.
Different HEV components have different suppliers as illustrated in figure 7.3.
Note that the worldwide HEV energy storage system are supplied by world premier
advanced battery manufacturers such as Matsushita (i.e. Panasonic), Sanyo, Ovonics,
Valance Technology and ElectroEnergy Inc. Among them, Ovonics, Valance Technology
and ElectroEnergy are also battery developers, with their own R&D for advanced battery
section. They invent and develop the advanced battery concepts and manufacture the
invented battery technologies by themselves before they sell to HEV car manufacturers.
Matsushita and Sanyo are not HEV battery developers. The HEV energy storage
manufacturing section is just a small part of the business in these large corporations.
These battery manufacturing companies has opted to obtain the HEV energy storage from
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other developers (such as Ovonics for the case of NiMH), to manufacture the battery by
themselves and to supply the HEV battery to HEV car companies. As illustrated in figure
7.3 as well, Matsushita is the one who supplies the HEV battery to Toyota, the
undisputed leader among HEV car manufacturers; while Sanyo supplies HEV battery to
Honda and Ford. This is the consequences of the 'Keiretsu' characteristics in Japanese
business organizations world, where there is a close links between intra-Keiretsu
companies across business field. Also illustrated in figure 7.3, by witnessing the
successfulness of Toyota in HEV industry, there has been reported that GM and Nissan
are interested to buy the HEV technology, including the HEV energy storage system from
Toyota. If this is the case, Matsushita and Sanyo will virtually supply all of the
worldwide HEV energy storage market. More importantly, these two companies are the
bottleneck that determines how success can high specific power Li-ion battery
technology based companies achieve in business in the near term.
Ovonics, being the leading HEV battery developer, has developed and held the
pattern for NiMH battery technology, which is the incumbent energy storage technology
of Toyota Prius I. Because of this, Ovonics has reported a technology licensing fee gain
of USD 13.5 millions and 15.1 millions in 1996 and 1997 respectively, while the
infringement fee gain was USD 3.6 millions in 1998.
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Overview of Business Supply Chain
Energy Storage of HEV - The Battery Pack
HEV Component Supplier (in yellow):
"1 i tH"I. .
~Crl(
Battery Panasonic SA
Manufacturers
(in red):
Mining and jnj>.
Metal Companies: O - :
Figure 7.3 - Overview of HEV energy storage business supply chain.
7.3 Business Model and Strategies
7.3.1 Proposed Business Model
By considering all the pros and cons, in order to gain the maximum benefit from
this well-established business supply chain, the proposed business model for a higher
specific power Li-ion battery technology based start-up companies is to become the HEV
high power battery developer. For new technology adoption, design and build contract
procurement, it is suggested that partnering with HEV battery manufacturers is crucial.
Other than providing designs, participating in the execution and management of the high
specific power battery production can also be done. For instance, for certain components
of the high specific power HEV battery, the relevant HEV battery manufacturers will be
engaged to construct the battery while providing technical expertise can be part of the
higher specific power Li-ion battery technology based start-up companies' business
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depending on the partnership. If this is the case, then in this business model, on top of 3%
of technology licensing fee, this start-up company will also be able to reap some of the
revenue from the battery production.
7.3.2 Target Customers, Marketing Tactics and Sustainable Competitive
Advantages
The target technology adopters can either be the private sector HEV car
manufacturers such as Toyota, Honda, Ford, Nissan and GM or public sector advanced
battery developers such as United States Advanced Battery Consortium (USABC).
However, in the start-up stage where resources are still lacking, focusing on HEV car
manufacturers with Toyota as the primary target is advised, in order to concentrate the
business focus. By having direct engagement with HEV car companies such as Toyota
and Honda, a 'pull effect' will be able to achieved, which then causes Toyota and Honda
to adopt the higher specific power Li-ion battery technology and hence demanding their
battery supplier (i.e. Matsushita and Sanyo) to supply HEV battery based on this high
specific power Li-ion battery technology.
Since all HEV car manufacturers hope for a greater HEV market, with HEV
battery technology that possess a higher specific power, this process of HEV market
expansion will be able to be accelerated as the technology improves HEV performance
on acceleration, MPG and emission, in which the HEV selling point will be enhanced.
Besides, with the aid from government, they will be able to sell more and HEV market
can be expanded further. In short, if Toyota and Honda implement this higher specific
power Li-ion battery technology, this will in turn generate revenue for this higher specific
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power Li-ion battery technology based start-up company and hence a 'win-win situation'
can be achieved between the start-up company and HEV car manufacturers, which will
then further enhance the joint business corporation.
HEV batteries manufacturers such as Matsushita and Sanyo, on the other hand,
want to maintain their HEV battery business with Toyota and Honda respectively, while
trying to expand it if possible. With the higher specific power Li-ion battery technology,
as stated before, HEV market will be expanded. This will directly expand the market of
HEV battery and hence bring business to them. With forming strategic partnership with
them, fierce rivalry competition with Japanese HEV battery manufacturer can be avoided
and the start-up company's business is secured. Also, due to the fact of intra-Keiretsu
business network within Japanese companies, it is extremely hard for American start-up
companies to penetrate into this quite well-established HEV energy storage business
supply chains without forming any strategic collaborations with Japanese companies.
Reason that we believed this strategic partnership will be successfully formed is
because HEV batteries production is not Matsushita and Sanyo's main business focus and
most probably they will still continue to outsource their HEV battery development task,
as we seen from the case of NiMH battery. This strategic alliance has created a 'push
effect' on battery manufacturers to adopt our technology as they are always seeks for a
better HEV battery technology to satisfy the requirements from their car manufacturers'
counterpart. Hence a win-win situation is also achieved between start-up company and
HEV battery manufacturers.
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Besides, to further enhance high power Li-ion battery technology adoption rate,
we have identified governments as another source of marketing strategy partner. As
mentioned earlier in chapter 3, the governments have a big role in affecting the HEV's
economic viability via subsidization on HEV related projects as well as imposing higher
gasoline tax to increase HEV adopting rate. Today, many first world governments, has
demanded cleaner technology due to the rising environment and social cost issue. By
participating in conferences to introduce our proposed technology, more recognition from
the governments can be gained and thus it can help us in marketing, research
subsidization and expansion of HEV market by making higher tax on gasoline, greater
subsidization on HEV to allow market penetration etc. The main pull factor for
government to be interested in our proposed technology is because it can help to reduce
the social cost' and reduce the reliance of petroleum import from Middle-East.
Governments' decision may not have a big influence in Western countries; however, in
Asia countries such as Japan or China which are experiencing rapidly raising economies,
governments have a high authority in decision and policy making. Hence, collaborating
with government has been part of the proposed marketing strategies for greater market
penetration.
To sum up the proposed selling strategy - engage directly with Toyota and Honda,
and forming a strategic partnership with Matsushita and Sanyo. All of these business
model strategies have been summarized in figure 7.3.
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Figure 7.4 - Proposed business model summary.
7.3.3 Implementation Strategies
In order to implement the above mentioned strategies, first a patent must be filed,
as the higher specific power Li-ion battery technology is perceived as the solution to the
large barrier. At the mean time, patent direction will be continuously refined based on
company's direction and future growth strategies. As a MIT start-up company, the patent
filing can be done through MIT Technology Licensing Office (TLO), whom will cover
all the administration costs and other incurred cost during patent filing.
Strategic partnership with HEV batteries manufacturers such as Matsushita and
Sanyo is important for the business success. Energy Conversion Devices (Ovonics) is not
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identified as the partner in our business proposal because they are also one of the
developers and hence they are our competitor. Matsushita and Sanyo are under the same
Keiretsu of Toyota and Honda respectively, which both of them are our main customers.
7.3.4 Growth Strategies and Future Expansion
For growth strategies, while maintaining the current strategies (i.e. strategic
collaborations with Matsushita and Sanyo as well as direct engagement with Toyota and
Honda to achieve "win-win" mutual benefits situation), geographical expansion (i.e. to
expand the technology to other continents) has been identified as the plan for future.
Besides, by securing the business foothold in HEV energy storage system, planning for
expansion of this high specific power battery technology into other market segments such
as electric scooter, heavy duty portable power tools and MEMS in the stage of company
expansion is also proposed.
More importantly, phase 2 technology development stage has been identified as
the most crucial growth strategies in long term. We have acknowledged the importance of
continuous R&D to develop the next generation technology in order to remain
competitive in the future with more emerging advanced technologies. This phase 2
technology development stage has aimed to reduce the price of manufacturing process
and improve the layer structure in order to achieve higher specific power. Meanwhile, the
start-up company must also keep refining patent direction by re-evaluate what company
will actually be doing in the future, and how patents cover those concepts. However,
among all directions of R&D, an innovative battery production with cheaper in
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manufacturing cost has been identified as the main direction of phase 2 technology
development.
7.4 The Revenue Model and Finance
SattMateLa3C
Figure 7.5 - Proposed revenue model
The proposed revenue model will be mainly generated through technology
licensing fee as part of the battery process steps. Even though it is just 3% out of the
HEV battery production value, yet it is a worldwide total value of USD 20.25 millions
and it will be risen up to USD 61.88 millions by 2010 according to the forecast. If
analysis is done pessimistically, Toyota is the only HEV car manufacturer who adopts
our proposed technology and assuming there is no expansion of Toyota's HEV market in
future, then the higher specific power Li-ion battery technology based start-up company
will still be able to reap a total of USD 24.75 millions by technological licensing fee
alone. In short, securing the business deal with Matsushita and hence Toyota is extremely
important for the survival of the company during the start-up phase.
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With strategic partnership formed, this higher specific power Li-ion battery
technology based start-up company will provide design for the higher specific power
battery technology and executes some of the production work in order to reap additional
profit. The exact business model depends on the type of production contract used
between the battery developers, battery manufacturers and HEV car manufacturers.
Under traditional construction contract procurement (the design is completed by
battery developers, and then approved by HEV car manufacturers before sent out to
battery manufacturers for production), the start-up company will be engaged to HEV car
manufacturers or HEV battery manufacturers to design and plan for the production
process of the this advanced battery technology as part of the complete design for energy
storage system for HEV. According to the rate of industry will then charge about 8% of
the total production cost as design fee.
The reason why to become battery manufacturer in the start-up stage is not
advisable is because there is lack of manufacturing facilities and production experience.
In addition, as a start-up company, it is still new to the business and there is also high
purchasing cost for these manufacturing facilities. Besides, there are other HEV battery
manufacturers which are quite established in their own fields such as Matsushita and
Sanyo. By realizing that Japanese companies do practice 'keiretsu' when possible, 'intra-
keiretsu' companies would supply one another, making the alliances vertically-integrated
to some extent. Since Matsushita and Toyota are both under the same keiretsu (i.e. Mitsui
Group), thus, they have created a link that not easily interfered. Thus, it is harder to
Prepared by: Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
become the battery manufacturers to compete with Matshusita and Sanyo. So, to stand as
battery developer has been proposed during the start-up stage.
In addition, to become the battery manufacturer in the future, battery production
line may replace technological licensing as the main source of revenue as the start-up
company continues to grow. In the future, when the proposed phase 2 technology
development stage is completed according to the plan, to become the world premier
advanced battery manufacturer will be a realistic target that is reachable. Then this will
be the right time to implement market segment expansion policy to other her power
requirement applications on top of HEV energy storage.
7.5 Anticipated Problems and Suggested Solutions
According to our projection, the main difficulty to be encountered is to persuade
those identified customers by proving the feasibility of higher power Li-ion battery
technology through the incorporation in HEV. The publications of successful pilot
projects using advanced Li-ion battery are available mainly in US, Europe and Japan.
Besides, there is also an on-going pilot project in US led by Toyota Central R&D Labs.
Inc. All these examples show the reliability of high specific power Li-ion battery
technology as the solution of HEV energy storage. On the other hand, extensive
laboratory tests are also needed to prove this technology to be safe and reliable. On-site
testing and demonstrations during worldwide advanced battery related symposiums and
conferences will also aid in marketing and market penetration.
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In addition, the HEV energy storage supply chain has been well established and it
will be difficult for a new battery company to be involved in it. Furthermore, as
mentioned earlier in sub-chapter 7.3.2, due to the fact of intra-Keiretsu business network
within Japanese companies, it is extremely hard for foreign start-up companies such as
American battery companies to penetrate into this quite well-established HEV energy
storage business supply chains without forming any strategic collaborations with
Japanese companies.
To counter this problem, we have proposed to start as the advanced battery
developer rather than straight away go into the industry as the battery manufacturer.
Hence, by this way, fierce rivalry competition with established HEV battery
manufacturers such as Matsushita and Sanyo can be avoided and the start-up company
can put more focus on establishing itself as the premier Li-ion battery developer and
spend more effort on R&D for phase 2 development. In fact, as mentioned earlier, the
proposed implementation strategy is to establish a strategic collaboration with Matsushita
and Sanyo while directly engage with Toyota and Honda so that a "win-win-win"
situation can be achieved between Toyota/Honda, Matsushita/Sanyo and us.
7.6 Conclusion
In short, high specific power Li-ion battery has demonstrated their potential to be
a very exciting prospect in the field of worldwide HEV energy storage market. As
alternatives to the incumbent HEV energy storage technology - NiMH, preliminary cost
models in this research have shown their potential to have a better vehicle performances,
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reduced emission and improved fuel economy. However, more research still need to be
done, and in particular, the production cost of high specific power Li-ion battery must be
decreased to increase its competitiveness in HEV market.
Also, patent filling is important in this case and it will provide the essential
intellectual property protection needed to reap economic benefit from commercializing
this technology.
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CHAPTER 8
THESIS REVIEW, CONCLUSION AND
RELATED FUTURE STUDY
8.1 Thesis Review
In this chapter, all the works are reviewed briefly, highlighting the prominent
concepts and results obtained. Conclusions are drawn followed by a short discussion of
related future areas of study.
The objective of this thesis is to construct a model that calculates the improved
car performances as a result of the marginal improvement of specific power of HEV
energy storage. The major improved car performances are:
" Vehicle performances, i.e. regenerative braking system (chapter 4) and
acceleration performance (chapter 5). This is the main priority that determines
consumers' choice of vehicle purchased;
* Fuel economy (chapter 6);
* Environmental friendliness (chapter 6).
Several assumptions and estimations have been made during the process, and the
results will change if any of the assumptions become not valid. Nevertheless, the
calculation models introduced in this thesis have proven to be a good, fast and efficient
technique as the starting point for reference and can serve as a benchmark for future
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studies. In the process, many additional thoughts and insights were introduced. It is
worthwhile to provide a short summary of these points.
1. HEV vs. Comparable ICE Vehicle. This chapter has shown that fuel savings have
been achieved significantly by HEV compared to ICE vehicle. More importantly,
by current gasoline price, the annual maintenance cost of HEV has already
become cheaper due to the drastic increase of gasoline price in recent years, (see
table 3.1). This also highlighted higher initial purchasing price as the main reason
for majority consumers to choose ICE vehicle over HEV. In other perspective of
view, the drivers of ICE vehicle in US are heavily, if indirectly subsidized as they
do not need to pay the social cost which causing environmental problems. Various
ways can be done to increase the HEV popularity among consumers such as
reduction of hybrid system production cost, imposing higher tax on gasoline price
or to achieve a higher specific power in HEV energy storage system. This chapter
also concluded that HEV cost more to buy while ICE vehicle cost more to operate.
2. Calculation of Regenerative Braking Costs. This chapter provided a model which
showed that brake absorbs most of the vehicle stopping energy during normal
operation, which highlight the importance of efficiency of regenerative braking
system in HEV. By the cost calculation modelling, it has concluded that the
marginal value of specific power value improvement respect to the performance
of regenerative braking system is $13.83 per W/kg per HEV.
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3. Calculation of Acceleration Costs. Similar to the calculation model for
regenerative braking system, we have concluded that each specific power value
with respect to the performance of acceleration is $22.64 per W/kg per HEV,
which is higher than performance of regenerative braking system. This also
implied that improvement on specific power of HEV energy storage system has a
greater effect on acceleration performance comparatively. This effect may vary
for different drive cycles.
4. Calculation of Social Costs and Fuel Consumption Costs. This chapter showed
that HEV has lower emissions and hence lower social cost expenditure ($56.59
per annum per HEV) compared to ICE vehicle ($102.53 per annum per ICE
vehicle), i.e. $45.94 lower per annum per vehicle. More importantly, the cost
calculation model of this chapter showed that each specific power value with
respect to the environmental friendliness (i.e. social cost savings) is $0.9959 per
W/kg per HEV. Also, every single specific power value with respect to the fuel
economy is 0.0987 MPG per HEV. This calculated value also highlighted the
significant effect on fuel economy as a result of the improvement in specific
power of HEV energy storage system.
5. Business Plan and Commercialization. This chapter has shown qualitatively and
explained that to become the high specific power battery developer is the best
business entry strategy for American start-up companies to penetrate into this
quite well-established business chain of HEV energy storage system. It has also
Prepared by: Seh-Kiat Kelvin Teo (MIT No: 926228762), June 2006
been identified that partnering will Japanese HEV battery manufacturers such as
Matsushita is extremely crucial for the survival of the start-up company during the
start-up phase while direct engagement with HEV car manufacturers such as
Toyota is an essential part of the business strategy as well.
8.2 Conclusion and Concluding Thought
As a whole, through this project, it is demonstrated and proven that achieving
high specific power target is important for Li-ion battery technology to be selected as the
technology for HEV energy storage system. The technological improvement on specific
power is not only important to achieve the better HEV performances, but also crucial to
expand the HEV market and increase the popularity of HEV among consumers. Also,
more importantly, this thesis has provided the estimation that the achievement of
marginal improvement on specific power will be able to generate in terms of money.
These figures are important to serve as the first reference point for investors and scientists
before imperative technological decisions to be made.
It is important to note that all these figures are values generated due to marginal
improvement on technology. If greater improvement is achieved, then to the first-order
linear approximation, greater values will be achieved. Also, it is worth to mention that all
these figures are calculated based on one HEV only. Much greater effects (i.e. higher
values) will be obtained if the number of worldwide HEV production is taken into
consideration. For instance, we know that each specific power value with respect to the
environmental issue is $10.44 W/kg per HEV. If the worldwide production of HEV
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number, i.e. at least 500,000 per annum in the next few years (see figure 7.1) and
assuming they are all adopting this technology, then this will cause an enormous effect on
global environmental issues and this will definitely be one of the solutions to tackle the
problem of depletion of worldwide petroleum reserves. From this point of view, the
impact of marginal improvement on the technology is not linear anymore and it is much
greater than that.
In tenns of consumers' willingness to buy HEV over ICE vehicles (i.e. the
adopting rate of HEV), the impact is also not linear and it is quite likely to be exponential.
There is a big driving force for consumers to buy HEV if greater specific power
improvement is achieved. This is because if greater improvement on specific power is
achieved, then the improvement on HEV performance such as acceleration and fuel
economy is much significant. This will have much greater effect that tempts consumers to
choose HEV over ICE vehicles and hence expand the worldwide HEV market.
Last but not least, through this project, it has shown that this worldwide HEV
energy storage business supply chain is highly competitive technologically, which means
that advanced technologies are desperately welcomed. Hence, if an start-up company
owns the much advanced (i.e. very high specific power) battery technology and this
technology is most likely to become the technology winner in HEV market, then by
proper planning of business strategies and commercialization route, business success will
be able to be achieved.
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8.3 Suggested Areas of Related Future Study
The following suggestions are submitted as areas in which investigations could be
carried out using the information developed in this thesis as a basis upon which to expand.
8.3.1 Alternative Way of Cost and Performance Values Modelling
As discussed earlier throughout the project, one of the major limitation of these
calculated values is that these values only stand when all the assumptions valid. In other
word, these values only accurate in an ideal situation. Any changes in assumptions will
affect the calculated values significantly. Hence, even though the cost and performance
value modelling in this thesis is one of the easiest and one of the most convenient
modelling techniques which is suitable as the first reference, yet it is evident that there is
a need to source of alternative ways of performance value modelling which provides a
basis for a better accuracy level.
8.3.2 Theoretical Study of Trends from Minor Increment to Major Increment
of Specific Power
As mentioned in the concluding remark, the impact of marginal improvement in
specific power of HEV energy storage system is not linear and it is generally believed
that it is close to exponential in certain cases such as consumer willingness to purchase or
the environmental issues. Furthermore, the effects due to economies of scale are also
needed to be considered for the perfection of the research. A more detailed theoretical
study of these behaviours will be needed.
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8.3.3 Experimental Study
A more accurate method of experimental measurement should be developed for
theoretical verification.
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APPENDIX
CALCULATION OF THE MARGINAL VALUE
OF LI-ON SPECIFIC POWER TECHNOLOGY
FOR MUNICIPAL BUS
4W 0
IB 80"
.109
Figure A. 1 - Power transfer characteristics for each Bang-bang cycle for Prius. Note that
this curve is obtained by assuming an ideal regenerative braking system and it is
analogous to the plots by Frank Wicks. ixi
As can be observed from figure A.1, for each Bang-bang cycle, for the case of
acceleration of 1.11m/s 2 , a total amount of 156.8hp (or equivalently 116.9 kW) is
needed from the HEV energy storage system if this acceleration is done through electric
motor only. Yet, for a normal HEV operation, this is not an issue as most of the
acceleration will be aided by internal combustion engine to achieve a better performance.
lxi Figure taken from Frank Wicks, "Modeling regenerative braking and storage for vehicles."
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However, in order to have an ideal regenerative braking system which is able to totally
absorb all the braking heat dissipated as a result of stopping process (i.e. - 1.41m /s 2 of
deceleration), a minimum requirement of 383.4hp (or equivalently 285.9 kW) input
power is required for the HEV batteries. According to Akihiro Taniguchixii, typically, the
practical input power of an HEV battery system is only 80% of the theoretical power.
Hence, in this case, a 357.4 kW of theoretical power will be needed for an HEV energy
storage system to fully capture the braking heat released.
The information of Toyota Prius battery pack is listed as follows:
Insight Prius Units
Battery Type NiMH NiMH
Nominal Cell voltage 1.2 1.2 V
Rated capacity 6.5 6.5 Ah
Cells per module 6 6
Number of modules 20 3 8lxm
Total voltage 144 273.6 V
Nominal energy storage 936 1778 Wh
Module mass 1.09 1.04 kg
Pack mass* 35.2 53.3 kg
Table A. 1 - Battery pack specifications of Toyota Prius and Honda Insight.x*iv
* Note that the pack mass includes the enclosure and packaged power electronics.
lxii Akihiro Taniguchi, Noriyuki Fujioka, Munehisa Ikoma and Akira Ohta, "Development of nickel/metal-
hydride batteries for EVs and HEVs".Ixiii The newer version of Prius battery pack has eight fewer cells (28 compared to the previous 36) the new
battery is smaller, lighter and more powerful than previous. It is warranted for eight years, but Toyota
expects it to last 15 years - the effective life of the vehicle. For the ease of calculation purposes, we still
stick to 36 cells in this research.
"xiv Table taken from Kenneth J. Kelly, Mark Mihalic, Matthew Zolot, "Battery usage and thermal
performance of the Toyota Prius and Honda Insight during Chassis Dynamometer Testing."
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According to James Larminielx , the specific power of NiMH battery is roughly 200 Wkg
Hence, the Toyota Prius current NiMH battery pack has only a total of maximum power
of 38(1.04X200)= 7904Watts (or equivalently 10.6hp), (A.1)
which is far lower than the ideal regenerative braking system. The following explanation
is to express all these issues in terms of money.
0o a
;IO@6
2W a
Yellow - Brake Energy
that go waste
22.2hp
Blue - ICE energy
that go waste
Red - Amount of energy that
being stored into battery by
current NiMH technology's
specific power achievement
two 1W)
Figure A.2 - Power transfer characteristics for each Bang-bang cycle with more
explanation.
Ixv James Larminie, John Lowry, "Electric Vehicle Explained", 2004.
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For each Bang-bang cycle, with a distance of 1723 feet or equivalently 0.525km:
Amount of energy that has been recycled = 7904(56 - 33) = 181.8kJ = 172.3Btu /cycle
(A.2)
172.3This is equivalent to amount of fuel saving 172.3 x2.357 = $0.013 /cycle
125000x0.25
(A.3)
Hence, for annual travel of 24140km (i.e.45966 cycles), cost saving = $597.56/year
(A.4)
This is the maximum amount of saving by regenerative braking that we can achieve by
Whaving a 200 specific power of NiMH battery technology.kg
Amount of internal combustion engine (ICE) energy that is wasted (i.e. blue region)
= (22.2hp - 10.6hp)x(56 - 33) = 198.95kl = 188.57Btu /cycle (A.5)
This is equivalent to amount of fuel saving = $0.014/cycle or $653.76/year (A.6)
Amount of Brake energy that is wasted (i.e. yellow region) = 1489.5kl = 1411.77Btu
(A.7)
This is equivalent to amount of fuel saving = $0.106/cycle or $4894.52/year (A.8)
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WHence, if current NiMH technology only allows us to achieve 200W of specific power,kg
amount of regenerative energy that wasted is $0.12/cycle and $5548.28/year.
(A.9)
Now, instead of NiMH technology; let us evaluation the current Li-ion technology, which
Whas a specific of 300- according to James Larminie ixvikg
By assuming Li-ion has a same module mass with NiMH (i.e. 39.52 kg), then highest
possible power that can be achieved is 11856W (or equivalently 15.9 hp).
Then, amount of fuel saving = 272.69kJ = 258.46 Btu = $0.0195/cycle = $896.07/year
(A.10)
Notice that the fuel saving per annum has increased due to the higher specific power
achieved in Li-ion technology.
Then, the total amount of energy that is wasted (ICE and brake) = 108.05 + 1489.5
= 1597.55 kJ
= 1514.19 Btu (A. 11)
Equivalently, the total amount of regenerative energy that is wasted
= $0.114/cycle = $5249.61/year (A. 12)
Let's assume Li-ion has the same expected life as NiMH, i.e. 150000miles or
241401.6km. Then theoretically, by neglecting other condition such as percentage of
Ixvi James Larminie, John Lowry, "Electric Vehicle Explained", 2004.
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DOD, operating temperature etc., Li-ion will be able to have 459663.38 Bang-bang
cycles throughout its lifespan.
WIn this case, throughout its lifespan, Li-ion 300 W  specific power technology will bekg
able to achieve maximum fuel saving of = $8963.44/life. (A. 13)
Also, total amount energy that is wasted throughout its life = $52492.01/life. (A. 14)
Now, let us calculate the differential cost Li-ion specific power technology. Note that in
this case all the assumptions are still applied. Let me repeat them again one-by-one.
* Bang-bang drive cycle
* Same module mass of HEV battery (i.e. fixed at 39.52kg)
* Same lifespan (i.e. fixed at i50000miles or 459663.38 Bang-bang cycles)
* Neglecting other battery operating conditions such as percentage of DOD,
operating temperature etc.
WAssume Li-ion has achieved at specific power of 310 , then highest possible powerkg
that can be achieved is 12251.2 W (or equivalently 16.43hp). Note the rise in horsepower.
In this case, total amount of fuel saving
= 281.78kJ = 267.07Btu = $0.02/cycle = $9259.22/life. (A. 15)
Note the amount of fuel saving has increased by $295.78/life. (A. 16)
Also, total amount fuel that is wasted = 98.96 + 1489.5 = 1588.46 kJ= 1505.57 Btu
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= $0.114/cycle = $52197.59/life. (A. 17)
Note the amount of fuel waste is decreased by $294.42/life. (A. 18)
Hence, in summary, by increasing the specific power of Li-ion by 10 g, amount of fuelkg
saving has increased by $295.78/life and amount of fuel waste is decreased by
$294.42/life, which match to each other and hence verified.
Finally, we come out with the value of each Li-ion specific power technology,
$295.78$295.78= $29.58 per W/kg. (A. 19)
lOW/kg
Note that this specific power value is only with respect to the value of regenerative
braking with all the assumptions that stated before hold.
Also, important points to note:
When specific power of Li-ion achieved beyond 22.22hp _419.27 , the value
39.52kg kg
of each Li-ion specific power technology will be decreased to roughly
10sec W[$29.58/(W/kg sec = $12.86per. . This is because the energy to capture
23sec kg
will only be limited to the brake energy, which is only span about 10 seconds.
This value will keep decrease as Li-ion specific power achieve higher and higher.
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